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Constraining regular and
turbulent magnetic field
strengths in M51

via Faraday depolarization

C. Shneider, M. Haverkorn, A. Fletcher, A. Shukurov
Astronomyé Astrophysics, Volume 568, A83 (2014)

Abstract

We employ an analytical model that incorporates both wangghe dependent
and wavelength-independent depolarization to descritd& naolarimetric
observations of polarization ati13.5,6.2,205 cm in M51 (NGC 5194).
The aim is to constrain both the regular and turbulent magjfietd strengths
in the disk and halo, modeled as a two- or three-layer magjneto medium,
via differential Faraday rotation and internal Faraday dispersilmmg with
wavelength-independent depolarization arising fromuleit magnetic fields.
A reduced chi-squared analysis is used for the statist@malparison of pre-
dicted to observed polarization maps to determine thefiiesaignetic field
configuration at each of four radial rings spanning 2 7.2 kpc in 12 kpc
increments. We find that a two-layer modeling approach plewia better
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Chapter 4. Constraining magnetic field strengths in M51

fit to the observations than a three-layer model, where the aad far sides

of the halo are taken to be identical, although the resuliest-fit magnetic
field strengths are comparable. This implies that all of ftheal from the

far halo is depolarized at these wavelengths. We find a totgnetic field

in the disk of approximately 18G and a total magnetic field strength in the
halo of~ 4— 6 uG. Both turbulent and regular magnetic field strengths in the
disk exceed those in the halo by a factor of a few. About hathefturbulent
magnetic field in the disk is anisotropic, but in the halo atbulence is only
isotropic.

4.1 Introduction

Magnetic fields are important drivers of dynamical proceseahe interstellar medium
(ISM) of galaxies on both large and small scales. They ragule density and distribu-
tion of cosmic rays in the ISM (Beck 2004) and couple with bollarged and, through
ion-neutral collisions, neutral particles in essentiallyinterstellar regions except for the
densest parts of molecular clouds (Ferei 2001). Moreover, their energy densities are
comparable to the thermal and turbulent gas energy demsiti¢arge scales, as indicated
for the spiral galaxies NGC 6946 and M33 and for the Milky WBg¢k 2007; Tabatabaei
et al. 2008; Heiles & Haverkorn 2012), therelfjegting star formation and the flow of
gas in spiral arms and around bars (Beck 2009, 2007, andtrefeein). In the case of
the Galaxy, magnetic fields contribute to the hydrostatlatize and stability of the ISM
on large scales, while theyffact the turbulent motions of supernova remnants and su-
perbubbles on small scales (Ferg 2001, and refs. therein). Knowledge of the strength
and structure of magnetic fields is therefore paramount tiergtanding ISM physics in
galaxies.

Multiwavelength radio-polarimetric observations offdse synchrotron emission in
conjunction with numerical modeling is a way of probing metijnfield interactions with
cosmic rays and the fluse ISM in galaxies. Of particular interest are the total nedig
field and its regular and turbulent components, as well as thspective contributions
to both wavelength-dependent and wavelength-indepemiggaiarization in the thin and
thick gaseous disk (hereafter the disk and halo).

Physically, regular magnetic fields are produced by dynaatiors anisotropic ran-
dom fields from compression and shearing gas flows, and gotrandom fields by su-
pernovae and other sources of turbulent gas flows. In theepcesof magnetic fields,
cosmic ray electrons emit linearly polarized synchrotradiation. Polarization is at-
tributable only to the ordered magnetic fields, while unpge&d synchrotron radiation
stems from disordered magnetic fields. The degree of paléizp, defined as the ratio
of polarized synchrotron to total synchrotron intensityyg characterizes the magnetic
field content and may be used as #lieetive modeling constraint.

Except for edge-on galaxies, where the disk and halo aré#ipatistinct in projec-
tion to the observer, disentangling contributions to dappation from the disk and halo
is challenging. In this chapter, we apply the theoreticafrfework developed in Chap. 3
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4.2. Observational data

to numerically simulate the combined action of depolairamechanisms in two or three
consecutive layers describing a galaxy’s disk and halo tstrain the regular and turbu-
lent disk and halo magnetic field strengths in a face-on galax

In particular, M51 (NGC 5194) is ideally suited to studyingh interactions for sev-
eral reasons: (i) small angle of inclination=f —20°) permits the assumption of a mul-
tilayer decomposition into disk and halo components aldrgline of sight, (ii) high
galactic latitude (b= +68.6°) facilitates polarized signal extraction from the totahsy
chrotron intensity since the contribution from the Galadtireground is negligible at
those latitudes (Berkhuijsen et al. 1997), and (iii) proxynof 7.6 Mpc allows for a high
spatial resolution study. Besides a regular, large-scalgnetic field component and an
isotropic random, small-scale field, the presence of aro&moisic random field compo-
nent is expected since there is no large-scale pattern adBgrotation accompanying
M51’s magnetic spiral pattern observed in radio polarta{i-letcher et al. 2011). Addi-
tionally, M51’s galaxy type (Sc), linear dimension, and |&k/ironment are comparable
with that of the Milky Way (Mao et al. 2012), (see also Pavel &1@Gens (2012) for near
infrared (NIR) polarimetry), possibly allowing for the ma¢ of the global magnetic field
properties of our own Galaxy to be further elucidated.

4.2 Observational data

We use the Fletcher et al. (2011)1 3.5, 6.2, 20.5 cm continuum polarized and total syn-
chrotron intensity observations of M51, taken with the V0UAdeETelsberg and smoothed
with a 18’ beam resolution, to construct degree of polarizapanaps. Thep maps are
partitioned into four radial rings from.2— 7.2 kpc in 12 kpc increments with every ring
further subdivided into 18 azimuthal sectors, each with pening angle of 2Q follow-
ing Fletcher et al. (2011). We will call these rings 1 throdgfiom the innermost to the
outermost ring. This results in a total of 72 bins. In the outest ring, two of the bins are
excluded as the number of data points within them is too sfieask than five). For each of
the remaining bins, histograms are produced to check teanttividual distributions are
more or less Rician and the meanpis computed with the standard deviationpfaken
as the error. Thermal emission subtraction was done usimmstant thermal emission
fraction across the Galaxy (Fletcher et al. 2011). In thishoe, thermal emission may
have possibly been underestimated in the spiral arms in lgtetfer et al. (2011) total
synchrotron intensity maps, the valuespiay, consequently, be overestimated in the
bins that contain the spiral arms.

4.3 Model

4.3.1 Regular field

Following Fletcher et al. (2011), we use a two dimensiongiil@ magnetic field
>'m Bm(r) cos(m¢ — Bm) for both the disk and halo with integer mode numbeand
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Chapter 4. Constraining magnetic field strengths in M51

azimuthal angle in the galaxy plagemeasured counterclockwise from the northern end
of the major axis along M51's rotation. A superposition ofsganmetric modesti = 0, 2)
describes the disk magnetic field while mainly a bisymmetrizie (h = 1) describes the
halo magnetic field. These modes yield the individual amgésB,,,, pitch angle$ pn,
andgn, angles.

The regular disk and halo magnetic fields in cylindrical palaordinates are

Br = Bosin(po) + Bz sin(p2) cos(2 - B2),
B, = Bo COS(po) + B2 COS(p2) COS(2 — 32),
B, = 0,
Bir = BnoSin(pno) + Bn1Sin(pn1) COSE — Bna),
Bhs = BnoCOS(Pno) + Bn1 COS(h1) COS® — Bhi).
th = 0» (4-1)

whereh denotes the component of the halo field. Please consult Fablfor the asso-
ciated magnetic field parameters in Eq. (4.1) and see Fid.Eetcher et al. (2011) for
an illustration of their best-fit disk and halo modes. An aatous halo pitch angle of
—90r for the outermost ring was deemed unphysical and probabbeaswing to the low
polarization degrees in this ring. Therefore, we ignors thilue and instead us&0°,
the pitch angle in the adjacent ring.

Our model inputs only the regular magnetic fielidections described by the respec-
tive modes for the disk and halo in Eg. (4.1), along with tHatree strengths of these
modes, given byB,/By and B1/Byg in Table 4.1, while the regular disk and halo mag-
netic fieldstrengthsare allowed to vary.

The components of the regular magnetic field are projectasitba sky-plane (Berkhui-
jsen etal. 1997) as

By = B cos@) — By sin(),
B, = [Br sin@) + B, cos(/))] cos() + B,sin(),
By = —[B; sin() + B, cos)|sin() + B, cos(),

wherel is the inclination angle anfldenotes a component of the field parallel to the line
of sight.

4.3.2 Turbulent field

We explicitly introduce three-dimensional turbulent metjn fields with both isotropic
and anisotropic components. The random magnetic fieldsxagressed as the standard

1The pitch angle of the total horizontal magnetic field is gibgrarctar(Br/B¢) per modem. Hence, sir{pm)
and cogpm) correspond to th&, andB, components oB, respectively.
2Thep angle is the azimuth at which the correspondimg 0 mode is a maximum.
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4.3. Model

Table 4.1: Fitted Model Parameters adopted from Fletcher et al. (2011, TableRstios of mode
strengths are reported as this allows for the magnetic field strengths ta ae &fariable
parameter in our model.

Ring 1 Ring 2 Ring 3 Ring 4

rkpc] [2.4,36] [3.6,48] [4.8,6.0] [6.0,7.2]
B,/By  —33/-46 -25/-57 -40/-76 —44/-76

Pol°] 20 24 22 _18
P[°] ~12 16 8 3
Bo[°] -8 -6 _14 25
Bni/Bro  76/23

Prol’] -43
pral°] 45 49 50 _50°
Bral°] 44 30 -3 16

Notes: The indexh refers to the halo magnetic field. Dots mean that the corretipg
parameter was insignificant in the Fletcher et al. (2011 pfibis thus not an input in our
model.

@ changed from original value ef9(° to be in closer agreement with the halo pitch angle
value reported for inner three rings.

deviations of the total magnetic field and are given by

0% = 07 [coS(¢) + asirP(g)],
o} = o7 {[sir’(¢) + @ coS(g)| coS (1) + sir(l)},
ot = oF {[sirP(¢) + a cos(g) | sinf(l) + cog ()} (4.2)

Anisotropy is assumed to exclusively arise from compressiong spiral arms and by
shear from dierential rotation and is assumed to have the fofjn= a o7 with o > 1
ando, = o, Isotropy is the case whan = 1. For anisotropic disk magnetic fields in
M51, a has been measured to b&3 by Houde et al. (2013) who measured the random
field anisotropy in terms of the correlation scales in the drthogonal directionsxand

y) and not in terms of the strength of the fluctuations in the tivections, as we use.
For the halo anisotropic fields; is expected to be less than the disk value as a result
of weaker spiral density waves andfdrential rotation in the halo. In our model, the
disk and halo anisotropic factors are fixed t6 and 15, respectively, and are reported
in Table 4.2. Root mean square (rms) values are used foridgudivcomponents of the
turbulent magnetic field strengths in the disk or halo by radizing the square isotropic
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Chapter 4. Constraining magnetic field strengths in M51

Table 4.2: Model Standard Parameters. Thermal electron densijyafd path lengthl() values
are collected from Berkhuijsen et al. (1997) and Fletcher et al. (20HE parameter is used to
characterize anisotropic turbulent magnetic fields and is discussedtiors4@.2.

ne[cm=] Llpc] «

Disk Ring 1,2 0.11 800 2.0
Disk Ring 3,4 0.06 1200 2.0
Halo Ring 1,2 0.01 5000 1.5
Halo Ring 3,4 0.006 3300 1.5

o2 or anisotropicr? field strength as? = o2/3 for isotropy andr? = o3 /(2 + a) for
anisotropy in Eq. (4.2).

4.3.3 Densities

The thermal electron densityd) is assumed to be a constant at each of the four radial
rings and about an order of magnitude smaller in the halo ihahe disk. Table 4.2
displays these values along with the respective path lerigtbugh the (flaring) disk and
halo. The cosmic ray densityng) is assumed to be a global constant throughout the
entire galaxy whose actual value is not significant as it elEnout upon computing.
Synchrotron emissivity is described @as: cB? with constant = 0.1.

4.3.4 Depolarization

We model the wavelength-dependent depolarization meshenof diferential Faraday
rotation (DFR) and internal Faraday dispersion (IFD) conitantly to account for the
presence of regular and turbulent magnetic fields in a gasgeritogether with wavelength-
independent depolarization. The combined wavelengtlenident and wavelength-
independent depolarization for a two-layer system ancethager system, with identical
far and near sides of the halo, are given by (Chap. 3, Eqst(3225))

( P ) _ {W2 (I_d)2 ( 1 - 264 cosCy + emd]
Po 2layer d l Qﬁ + Cﬁ

In\?(1-2e 2
W2 (_h)( e ;:osC2+e )
| Qh+Ch
T+ WyWy Jaln 2 {F, G} (2Ayrgn + Cp)
W7 | P Ydh + Ch

+ e @) (F G} (2A¢gh + Cq)
— €% {F,G} (2Aygn + Cq + Ch)
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4.3. Model

1/2
- e {F, G} (2Ayqn) }} , (4.3)

222 () ()
— =(2Wg (— X
(pO)SIayer ( h(l) Qﬁ"'cﬁ

(1 — 267 cosCh + e‘mh) [1 +0s(Cq + Cp) ]}

and

+ W2 (I_d)z (1 — 2 ;:ong + e‘md]
| Qf + C4
lglh 2
+ WyWh I_Zm {F, =G} (—2Aygn + Cq)
+{F, G} (2A¢/qn + Cn)
+ e W[ {F, G} (2Aygn + Cg) + {F, -G} (~2Aygn + Ci) |

_ efﬂd[ {F,G} (2A¢gn + Cq + Cp) + {F, -G} (—ZAWdh)]

12
- (-Gl (-2 + Co+ ) + G @ [} (44)

wherepy is the intrinsic degree of linear polarization of synchootradiation,{d, h} de-
note the disk and hal@Qq = 203, 1% Qn = 20%,, 4%, Ca = 2R4A% Ch = 2RyA%,
F= Q40 + CdCh, G= thd - QdCh.

In Egs. (4.3) and (4.4), the per-layer total synchrotronssionl;, the total Faraday
depthR;, the dispersion of the intrinskR M within the volume of the telescope bearay,
along with the wavelength-independent depolarizing tevnare respectively given as

li=e& L,
R = 0.81ng Byi L,
orm = 0.81 (na) by (Li )2, (4.5)
[(EZ Blrot-o?) + 4§2§2r2
X Y X Y X~y

W =

— , (4.6)
Bl
i
whereg; is the synchrotron emissivitlp; is the turbulent field parallel to the line of sight,
l; is the synchrotron intensity,; is the path length (pc), along witﬁi = Ei + E; and

B = Ei + 0% + o2 The form of W in Eq. (4.6) implicitly assumes that emissiv-

ity scales withe o« B? corresponding to a synchrotron spectral index of -1. Igitro
expressions for the intrinsic polarization angle and fovelangth-independent depolar-
ization are obtained by setting, = o,. The operationF, G} (a) is defined a$F, G} (a) =
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Chapter 4. Constraining magnetic field strengths in M51

Fcos(a) — Gsin(a). Aydn = (Wod) — {(Yon) is the diference in the projected intrinsic
polarization angles of the disk and halo with the respectivgles given by (Sokolbet al.
1998, 1999, and Eq. (3.5) of Chap. 3) as

2B«B,

(Yoi) = 5 — arctar{cos() tan@)] + %arctar{_2 ] . 4.7)

=2
2_ 52
By-B,+o5 -0y ).

Expectation values denoted ky .) arise whenever turbulent magnetic fields are present.
Only the last term of Eq. (4.7) remains upon taking thiéedéence.
In our use of Eq. (4.5) to describe both isotropic and amgitrrandom fields we
implicitly treatogrm as a global constant, independent of the observer’s vieagle as
for a purely isotropic random field. Moreover, the diametea durbulent celld; in the
disk or halo, as it appears in Eq. (4.5), is approximatelggiby (Fletcher et al. 2011)
D O-RM,D 23

o = 0.81 (ng) by (L)Y2| (4.8)

with ormp denoting theRM dispersion observed within a telescope beam of a linear
diameterD = 600 pc.crup has been fixed to the observed value of 15 rad (Rletcher
et al. 2011).

4.4 Procedure

We use various magnetic field configurations of isotropibdilent angor anisotropic tur-
bulent fields in the disk and halo with the requirement thatdhbe at least a turbulent
magnetic field in the disk following Fletcher et al. (2011)sebvations. We also model
wavelength-independent depolarization directly Wain Eq. (4.6) instead of approxi-
mating it with the value ofp at the shortest wavelength. Consequently, these turbulent
configurations, given in Table 4.3, span 12 of the 17 modedsyisted in the upper panel

of Table 3.2 of Chap. 3, and are illustrated by Figs. 3.2 aBdd@. an example bin with

a particular choice of magnetic field strengths. These cordigpns may also be viewed

in terms of two distinct groups characterized by the presemcabsence of a turbulent
magnetic field in the halo.

The isotropic and anisotropic turbulent magnetic fieldrggths in the disk and halo
are each sampled from,[B 5, 8, 10, 15, 20, 25, 30] G in line with M51 observations of
having a 1Q«G isotropic and a 109G anisotropic turbulent field in the disk (Houde et al.
2013). We assume that the total turbulent field strengtherhtdo is less than or equal to
that in the disk. For each of these turbulent magnetic fieldfigarations, we allow the
regular magnetic fields in the disk and halo to separately wathe ranges of 8 50uG
in steps of L uG.

We apply a reduced chi-square statistic to discern a bastafifnetic field configura-
tion for each of the four radial rings, independently, at tiiveee observing wavelengths
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4.4. Procedure

Table 4.3: Model settings for a two- or three-layer system based on regular dmdéat magnetic
field configurations in the disk and halo.

Disk Halo
Reg. Iso. Aniso. Reg. Iso. Aniso.

DIH v v v

DAH Vv Vv v

DAIH v v v v

DIHI v v v v

DIHA v v v v
DAHI v v v v

DAHA Vv Vv Vv v
DIHAI Vv vV v v v
DAHAI v v v v v
DAIHI v v v v V4

DAIHA v v v v v
DAIHAI Vv Vv Vv Vv Vv v

Notes: The three column headings below the principle headingseofisk’ and ‘Halo’
denote the regular, isotropic turbulent, and anisotropibulent magnetic fields. The
rows contain a listing of all model types simulated with tbédwing nomenclature: ‘D’
and ‘H’ denote disk and halo magnetic fields, respectivélyand ‘A" are the isotropic
and anisotropic turbulent magnetic fields.

A143.5,6.2,20.5 cm. The reduced chi-square statistic is given by

X2 _ /\/_2 _ 1 Z (Pobs — pmod)2
red N ) _ o2 ’
binsering

wherepops and pmog are the observed and modelpdalues given in Egs. (4.3) and (4.4),
o is the standard deviation of the measupaghlues per bin in a given ring, and the sum is
taken over all bins comprising a given ring.is the number of degrees of freedom given
by (# observing wavelengths (# bins in a ring — (# independent parametgrsvith the
number of independent parameters being the variable dikalo regular magnetic field
strengths and, hence, always two, for a fixed input of turduteagnetic fields describing
a particular configuration.

For each turbulent magnetic field configuration sampledpts-fit combination of
total disk and halo regular magnetic field strengths cooeding to the Iowesgfed value
are found and a range Jgf-ed contours are plotted in order to examineﬂfg, landscape.
Repeating this procedure allows for a global minim)gﬁg]j value to be obtained for each
of the rings.
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Chapter 4. Constraining magnetic field strengths in M51

(a) Two- layer x2, contours ring 1 (b) Two- layer x>, contours ring 2
10
) )
= =
o o
© ©
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B disk (uG) B disk (1G)
(c) Two- layer x2, contours ring 3 (d) Two- layer x>, contours ring 4
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15 - 20
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10 10
B disk (4G) B disk (uG)

Figure 4.1: (a)-(d) Contours of equal reduced chi-square values for regudgnetic field
strengthsB in disk and halo in a two-layer model for each of the four rings. The fieBAIHI
model, denoted byk, is composed of regular, isotropic turbulent and anisotropic turbulskt d
and halo magnetic fields with respective minimum reduced chi-squayg Yalues and field
strengths presented in Table 4.4. The dashed, solid, and dotted corgpresent 10, and 100
percent increases in thé,, value, respectively.

szed values larger than one are accepted in order to establigima itn turbulent mag-
netic field configurations and strengths. To test whetheatimeission of these highgfed
values yield regular disk and halo magnetic field configoretithat are statistically con-
sistent for each ring, we use a generalization error apprffzmotstrap technique) which
is independent of th,efed statistic. This approach stipulates to approximatelyimet@%
of the data while discarding around 30% of the data at rand@ngach independent trial
run, and to check the resulting fits again. In this way, thbikta of the Iowest/\grzed con-
tours for a particular configuration is tested. Followingsb@h independent trial runs for
each of the globaﬁed minimum found per ring reveals that all such Iow;gétd contours
arestablefor both a two-layer model and (quasi) stable for a threedayodel.

We examine a smaller subset of the turbulent field configumatifor a three-layer
model making sure to examine configurations that are botll goal poor fits for the
corresponding two-layer system.
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4.5. Results

Two- layer 2, contours ring 2

10f

B halo (uG)

B disk (4G)

Figure 4.2: Contours of constant?,, for values of regular field in the disk and halo for ring 2 with
a deviating value for the isotropic turbulent field corresponding to the aligenbest-fit model
adopted, see text. Symbols are the same as used in Fig. 4.1.

45 Results

4.5.1 Two-layer model

The turbulent magnetic field strengths which correspondhéobiest-fit two-layer model
per ring are presented in Table 4.4 together with the bestditlar disk and halo field
strengths attained from the reduced chi-squared anal¥sisrs reported for these re-
spective regular field strengths are based on the solid apinté-ig. 4.1 which represents
a 50% increase in th,efnin value.)(ﬁ1in is the minimum)(rzed value corresponding to the
best-fit disk and halo magnetic field configuration compode@gular, isotropic turbu-
lent, and anisotropic turbulent magnetic fields.

Figure 4.1 and Table 4.4 clearly indicate that the best-fgme#c field values in ring 2
deviate from the trend in the other three rings, especBdyin the disk andB;s, in the
halo. To test how significant this deviation from the othags is, we calculated a best-fit
model with magnetic field values consistent with the othegsiand checked how much
the,\/fed increased. Insertin®s, = 2 uG in the halo for ring 2, results in a minimum
szed = 3.1 for best-fit regular field values of ®2uG and 15 uG in the disk and halo,
respectively (see Fig. 4.2). Considering the uncertantiehe model, an increase)jfﬁ]in
from 2.4 to 3.1 is not believed to be a significanffelience in ring 2. We conclude that
these field values are equally plausible and choose to allept s the best-fit model,
making all magnetic field values in all rings roughly consigt Fig. 4.3 illustrates these
regular and turbulent magnetic field values for the two-tdgst-fit models.

Global conclusions to be drawn from these magnetic fieldesaare:

e The total magnetic field strength in the disk is ab8 qisk * 18 4G, while the
total magnetic field strength in the halo is ab8u haio ~ 4 — 6 uG;
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Chapter 4. Constraining magnetic field strengths in M51

(a) Two‘— layer mpdel disK magneti‘c fields

* * Reg.
X X Iso.
o o Aniso.

20

15f

10 T

B disk (uG)

24-36 3.6-4.8 4.8-6.0 6.0-7.2

Radial rings (kpc)

(b) Two- layer m‘odel halq magnetic fields

* * Reg.
X X |so.
o o Aniso.

20

151

10

B halo (¢G)

bt

2.4-3.6 3.6-4.8 4.8-6.0 6.0-7.2

Radial rings (kpc)

Figure 4.3: Predicted magnetic field strength&3) with radial distance (kpc) from M51. The
best-fit two-layer model configuration consisting of an isotropic turbiyféso.’), anisotropic
turbulent (‘Aniso.”), and regular (‘Reg.’) magnetic field strengthghia disk (a) and halo (b) is
shown per ring.
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4.5. Results

Table 4.4: Two-layer best-fit DAIHI model magnetic field strengths. Values in ptresis
correspond to the alternative best-fit model adopted for ring 2.

Ring 1 Ring 2 Ring3 Ring 4

Disk

1s0.[uG] 10 10 10 10
Aniso.[uG] 5 10 10 10
Reg.uG] 887 0073°(12473) 106+3 1287
d[pc] 47 40 52 52
Halo

1s0.[uG] 5 10 (2) 2 2
Aniso.uG] O 0 0 0
Reg.uG] 38+1 76+2(15+15) 25+1 33%3
d[pc] 215 135 (395) 638 638
Xoin 12 24 (31) 21 30

e Bothregular and turbulent magnetic field strengths in tek die a few times higher
than those in the halo;

e There is a significant anisotropic turbulent field comporerhe disk, but not in
the halo;

e Within the errors, none of the magnetic field strengths shavetear trend as a
function of galactocentric radius. A possible exceptiorehs a slightly stronger
(isotropic) random magnetic field strength in the inner halo

The Iower)(zmin value and more sensitiw%ed range in ring 1 suggest that the regular
and turbulent magnetic fields may be best fit in ring 1 of the-kay@r model. This may
arise from dfferent magnetic field strengths and thermal electron desdigtween arm
and interarm regions. Ring 1 contains mostly spiral armdlewings 2 - 4 trace both arm
and interarm regions which makes a single fit for magnetid fi¢tengths in the entire
ring less of a good fit. Ar-periodic modulation is apparent in the best-fit polarizati
profiles of all rings in Fig. 4.4, indicating depolarizaticaused by the regular, mostly
azimuthal, magnetic field component. It can also be cleatyghat smaller errors in the
observedp/ pp decrease the width of the shaded gray corridor in Fig. 4.4.

A model withonly regular fields does not yield any good fits as expected on géilysi
and observational grounds. A one-layer model is excludedusymodeling as a non-
zero regular magnetic field in the halo is predicted by all nadig field configurations
sampled. This is consistent with the expectation of two Epa-araday rotating layers
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Chapter 4. Constraining magnetic field strengths in M51

Table 4.5: Three-layer best-fit DAIHI model magnetic field strengths.

Ringl Ring2 Ring3 Ring4

Disk

150.[uG] 10 10 10 10
Aniso.[uG] 10 10 10 5
Reg.uGP2  1.873° 0073° 2277 10978
d[pc] 40 40 52 61
Halo

1S0.[uG] 5 8 10 8
Aniso.[uG] 0 0 0 0
Reg.uGP? 36+1 537 687 6879
d[pc] 215 157 218 253
X 30 36 21 36

Notes: @ A value of OuG is to be used for the lower regular field strength bound when
the lower error bound exceeds the actual regular field value.

(Berkhuijsen et al. 1997; Fletcher et al. 2011). We also icemobservations of M51 at
610 MHz which show thap/po < 1% in spiral arms (Farnes et al. 2013). Applying the
criterion thatp/po < 1% in the bins that contain the spiral arms in each ring, tesal
the exclusion of all field configurations which do not have otilent magnetic field in
the halo. This also automatically rejects a one-layer model

4.5.2 Three-layer model

For a three-layer model, with identical near and far sidethefhalo, the(fed landscape
consists of an archipelago of minimmfgd values as shown in Fig. 4.5. If a minimum
szed were to be taken as representative of a global minimum, toerthe purposes of
comparison with the two-layer model, we present the beshifde-layer model results
per ring in Table 4.5. The three-layer best-fit models arergrofits to the polarization
observations than the two-layer models owing to the higerin the innermost pair of
rings and the outermost ring. Both three- and two-layer risof#&or the absence of an
anisotropic turbulent halo field in all rings. Summarizittyg three-layer models result in
roughly the same magnetic field values as the two-layer rsodel
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Figure 4.4: Normalized polarization degrg® po as a function of azimuthal angle for observing
wavelength oft11 3.5, 6.2, 20.5 cm for each of the four rings for a two-layer model. Columns
provide the polarization profiles per ring at a fixed observing wavelenptte rows provide
polarization profiles at all three observing wavelengths at a fixed ringo®esponds to the North
major axis of M51 with sectors counted counterclockwise. The solid blatkgpcorrespond to
the predicted polarization value, at each azimuth, from the best-fit rtiadieéd strengths. The
shaded gray region corresponds to the range of polarization valedisted by all regular disk
and halo magnetic field configurations encompassed by the sdlielx%,,, contour in Fig. 4.1 for
rings 1,3,4 and in Fig. 4.2 for ring 2. The turbulent magnetic fields aras#ime as described in
Table 4.4. The following sectors have been discarded as they are (gkertext): sector at 60
for the inner two rings, and sectors at 22800, and 320 in the outermost ring.
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(a) Three- layer y2, contours ring 1 (b) Three- layer y2, contours ring 2
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Figure 4.5: (a)-(d) Same as in Fig. 4.1 but now for a three-layer DAIHI model.

45.3 Robustness of results

The stability of the Iowes,ytfrzed contours for the two-layer models and the (quasi) stability
of such contours for the three-layer models, following thetstrap technique discussed
in Section 4.4, gives confidence as to the robustness of Hudtse In addition, the elon-
gated shape of thefed contours in both these figures indicates that the halo is iseme
sitive to variation in its regular field value and is therefar stronger depolarizing region
than the disk. The models also yiqi@d contours for the innermost and outermost pair of
rings which are morphologically similar among themseldsrphological similarity be-
tween the rings constituting each pair may be expected bas#tk physical parameters
of thermal electron density and path length being equaldoheair as listed in Table 4.2.

An area of very strong polarized intensity observeds3.5, 6.2 cm in Fletcher et al.
(2011, Fig. 2) coincides with the ring 1 sectors at 388d 320 and plausibly accounts
for the underestimateplvalues at those locations at all observing wavelengths eblar,
the ring 1 and ring 2 bins at 6@&long with the ring 4 bin at 320are outliers as a result
of an area of sparse data in the same maps and are consegliscdlisded. The results
shown in Tables 4.4, 4.5 are obtained from the outlier frea.da

Using the innermost ring which traces the data the closestnmdels allow consid-
erable variation in the turbulent magnetic field values ia disk, while magnetic field
values in the halo are tightly constrained. In particulaplacing the best-fit ring 1 con-
figuration in Table 4.4 with isotropic and anisotropic tudnt disk fields of 2Q:G each,
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while retaining the %G isotropic turbulent halo field, results in less than a 20&tease
in Xﬁm whereas only changing the isotropic turbulent halo fieldGg:®, while keeping
the isotropic and anisotropic turbulent disk fields ag@®and 5uG, respectively, results
in more than a 25% increase/kﬁ]in. Correspondingly, total turbulent field values of up
to 30uG are allowed in the disk. However, Houde et al. (2013) reanrvbserved value
of the total turbulent disk field of 156G in M51, so that any models with a total turbulent
field greater than 1pG are excluded observationally. Finally, tfegular disk and halo
field strengths vary only slightly for all allowed values aftbulent disk and halo fields,
indicating that they are robust for all rings.

4.6 Discussion

The picture that emerges is the following: in the disk, mdigrfeeld strengths ar&.g ~
10 uG andByp ~ 11 - 14 uG, whereBy,, includes both the isotropic and anisotropic
random components. In the haBeg = 3 4G andByy is about equal tdeg and con-
sists only of an isotropic component; there is no anisotropndom field in the halo. If
anisotropy in magnetic field fluctuations is caused mostlyheystrong density waves in
M51 and shearing flow, the anisotropy would indeed mostlyxaiusively occur in the
disk. The regular and total magnetic field strengths in tisk dire in agreement with
equipartition values oByeg = 8 — 13 uG andBy = 15— 25uG as calculated by Fletcher
etal. (2011).

In the halo, maximum cell sizes of the turbulence appeardeease towards the outer
part of the galaxy (for a two-layer model), whereas the tlghucell sizes in the disk
are approximately equal. The smaller the turbulent fielelhgjth, the larger the turbulent
cell size for the representativ@M dispersion as given by Eq. (4.8). If the turbulent cell
size in the halo were equal for the inner and outer parts ofjétexy, theRM dispersion
would decrease towards the outer part of the galaxy, for digeg of turbulent magnetic
field resulting from the model, which is not observed. Howetlee cell size in the halo
is uncertain since Eg. (4.8) is only valid fdr« D andd < L, which might not be the
case in the halo.

The field strengths we find are broadly consistent with easliedies. Berkhuijsen
etal. (1997) discussed the magnetic fields in M51 in termejpégate disk and halo for the
first time. They found a slightly lower regular magnetic figidhe diskByey disk = 7 uG,
constant across the disk. Their (assumed isotropic) terbdield strength is compara-
ble to our results; they show that for even larger galactmeradii out to 15 kpc, this
turbulent magnetic field is expected to decrease 1 uG. Fletcher et al. (2011) finds
regular magnetic field strengths in both the disk and halawéen roughly - 4uG with
a slight increasing trend in disk regular field strength watius. They ascribed these
anomalously low values to ignoring anisotropic random 8dld the equipartition esti-
mate for the regular field strength. There is still an anonrathe estimated regular field
strengths though since the polarization angle RiMigive 1— 4 uG while depolarization
and equipartition both give 168G field strengths. Possible explanations include ignoring
the (unknown) filling factor of the thermal electrons in tR& based estimate, correla-
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tions in the line-of-sight distributions d; andne, and equipartition not holding.

The resulting magnetic field strengths in the two-layer nwaad the three-layer
models are in agreement. In fact, if the best-fit turbulengmegic field configurations for
all rings for the two-layer model were to be used for a thageet model, then the result-
ing best-fit regular disk and halo fields would still be ddsed by the three-layer model
within the stated error. This implies that all of the sigreatiepolarized from the far side
of the halo, at all wavelengths. Our models therefore corntfieconclusions from Horel-
lou et al. (1992) and Berkhuijsen et al. (1997) based on Bgreatation and polarization
angle measurements. Analyzing polarization data of 21hyegalaxies from the WSRT
SINGS survey (Heald et al. 2009), Braun et al. (2010) coregfifdom RM Synthesis that
M51 shows polarized intensity at Faraday degths+13 rad n72, coming from a region
of emissivity located just above the midplane. They alsosuesd Faraday depth com-
ponents of about180 and 200 rad n, interpreted as emission from the far side of the
mid-plane, which is highly Faraday rotated because of ipagation through the mid-
plane. The positive and negative Faraday depth comporadbly coincide to the hemi-
spheres of the disk where the an azimuthal magnetic fielddvoaint towards or away
from the observer. The high Faraday depth components agstent with our model,
assuming the path length and electron density as in TablertiB, = 10sin{) uG. The
turbulent cell sizes found for the disk agree with the valué&letcher et al. 2011; Houde
et al. 2013) and the turbulent cell sizes in the halo are dteniatic of the typical cell size
expected for spiral galaxies of between 200000 pc (Sokolff et al. 1998).

The expected total magnetic field strength may also be egihfieom the interdepen-
dence of the magnetic field strength, gas density, and stavatoon rate (SFR) as sug-
gested by the far-infrared - radio correlation (Niklas & Be®97). Schleicher & Beck
(2013) demonstrated that the observed relation betweefostaation rate and magnetic
field strength arises as a result of turbulent magnetic fieldldication by turbulent dy-
namo action, with turbulence driven by supernova (SN) esiplts. The expression they
derived, applied at a redshift= 0, is given by

Bot ~ V fsa7 lo(l)/6 (fmase ESN)l/3 Zé/FgR’ (4.9)

wherepy ~ 102*gcent? is the typical ISM densitySser ~ 0.1 Mg kpc2yrtis a
reference SFR per unit arefg ~ 5% is the expected saturation level for supersonic
turbulence or fraction of the turbulent energy averaged timeescales o~ 100 Myr,
fmas ~ (8%/My) is the mass fraction of stars yielding core-collapse SNs,5% is the
fraction of SN energy converted to turbulence, &g ~ 10°* erg is the typical energy re-
leased by an SN. ThByy; o< Zéf‘R scaling of Schleicher & Beck (2013) is comparable with
the observed relation between equipartition magnetic §ieghgth and star formation rate
for spiral galaxies by Niklas & Beck (1997). We takgrg = 0.012M, kpc2yr? for
M51, adopted from Table 3 of Tabatabaei et al. (2013), whiebgga total magnetic field
strengthBo: ~ 10uG via Eq. (4.9), as an order of magnitude estimate. Consigehe
roughness of the estimates of the parameter values in B, Bl ~ 10uG in the disk

is consistent with our results.
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4.7 Conclusion

We have shown that it is possible to use our analytical dejzaféon models with radio
polarimetric observations, consisting of only three obisgy wavelengths ati1 3.5,6.2,
20.5 cm, assisted by the criterion found from the 610 MHz M51 datd-arnes et al.
(2013), to constrain both regular and turbulent magnetid f&engths in M51. By nu-
merically simulating dierential Faraday rotation (DFR) and internal Faraday dgpe
(IFD) as the main wavelength-dependent depolarizatiorhar@sms along with the con-
tribution of isotropic and anisotropic turbulent magndigtds to wavelength-independent
depolarization, we have arrived at estimates for both ergqarid turbulent magnetic field
strengths in the disk and halo consistent with literatusesteown in Table 4.4.

This agreement with earlier studies gives confidence trestettmodels are realistic.
However, our model is more sophisticated than earlier workesit directly simulates
the wavelength-dependent depolarizing mechanisms of DiERRED thanks to the pres-
ence of both regular and random magnetic fields. Previousd8erkhuijsen et al.
1997; Fletcher et al. 2011) did not include synchrotron siais from the halo, relied
primarily on rotation measurdk(M) measurements, and did not model the actual contri-
bution of isotropic and anisotropic turbulent magneticdéeto wavelength-independent
depolarization.

We find that anisotropic turbulent magnetic field strengthshie disk of M51 are
comparable to isotropic turbulent field and regular fielémsgths of~ 10 uG. However,
no anisotropic turbulent field is detected in the halo, whbeeisotropic field is~ 2 uG,
comparable to the regular field strength in the halo.

Comparison of disk-halo models including and excludingep(darizing) halo at the
far side shows that the far side halo is mostly depolarizediatadio wavelengths, mak-
ing a two-layer model of disk and near side halo a good appration.

These models show that even with observational data atlorgg ivavelengths, useful
results on magnetic field strengths and configurations casbtaned. Current observa-
tional capabilities of broadband radio polarimetry wouldw the data to be constrained
to a greater extent. This would make it possible not only tiiebedetermine whether
a two-layer or three-layer modeling approach is best sditediescribing the data but
also to have tighter estimates for the regular and (isatrapd anisotropic) turbulent field
strengths in the disk and halo.

Recent studies by Tabatabaei et al. (2013) and Heesen 2044)(have observation-
ally revealed local correlations between the mean and kembmagnetic field compo-
nents with the star formation rate with a theoretical mdibrafor such scenarios recently
provided by Schleicher & Beck (2013). Future investigasioim conjunction with tests
of models for magnetic field amplification by dynamo actioowd, therefore, focus on
the dynamical physical quantities that give rise to the fa@tdcture found in this work.
Valuable for this purpose would be spectroscopic data frenmahid far-infrared to probe
the star formation rate, Hand H, for estimating gas density, and HI line emission for
determination of rotational and turbulent velocity.
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