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ABSTRACT

We employ an analytical model that incorporates both wanggtte dependent and wavelength-independent depolanizatidescribe
radio polarimetric observations of polarizationiatl 3.5, 6.2, 20.5 cm in M51 (NGC 5194). The aim is to constrain both the regular
and turbulent magnetic field strengths in the disk and hatmjeted as a two- or three-layer magneto-ionic medium, \fierintial
Faraday rotation and internal Faraday dispersion, alotigwaeavelength-independent depolarization arising frorhulent magnetic
fields. A reduced chi-squared analysis is used for the Stai£omparison of predicted to observed polarization srtapdetermine
the best-fit magnetic field configuration at each of four radiys spanning 2 — 7.2 kpc in 12 kpc increments. We find that a
two-layer modeling approach provides a better fit to the nlagns than a three-layer model, where the near and fas ifithe
halo are taken to be identical, although the resulting fiestagnetic field strengths are comparable. This impliesdahaf the signal
from the far halo is depolarized at these wavelengths. Weditatal magnetic field in the disk of approximately 48 and a total
magnetic field strength in the halo ef4 — 6 4G. Both turbulent and regular magnetic field strengths irdikk exceed those in the
halo by a factor of a few. About half of the turbulent magnédittd in the disk is anisotropic, but in the halo all turbuleris only
isotropic.

Key words.  galaxies: individual: M51 — galaxies: spiral — ISM: magnetic fields — galaxies: magnetic fields — polarization — radio
continuum: galaxies

1. Introduction dependent and wavelength-independent depolarizatiomén t
thin and thick gaseous disk (hereafter the disk and halo).
Physically, regular magnetic fields are produced by dynamo
action, by anisotropic random fields from compression and
nshearing gas flows, and by isotropic random fields by super-
riepvae and other sources of turbulent gas flows. In the presenc
of magnetic fields, cosmic ray electrons emit linearly piakzal
synchrotron radiation. Polarization is attributable owyhe or-
dered magnetic fields, while unpolarized synchrotron taata

comparable to the thermal and turbulent gas energy desisitie stems from disordered magnetic fields. The degree of palariz

5 large scales, as indicated for the spiral galaxies NGC 6946 gonp, defmed as the ratio of pola_rlzed synchrotroln to total syn-
= 'M33 and for the Milky Way|(Beck 2007; Tabatabaei ef al. 200§br0tr0n intensity, thus characterizes the magnetic fieltent

°S\ Heiles & Haverkorti 2012), therebyfacting star formation and and may be used as afiective modeling constraint.

cg the flow of gas in spiral arms and around bars (Eeck 20092007 Except for edge-on galaxies, where the disk and halo are spa-
and refs. therein). In the case of the Galaxy, magnetic fieldlly distinctin projection to the observer, disentanglicontri-
contribute to the hydrostatic balance and stability of B&lon butions to depolarization from the disk and halo is challegg
large scales, while theyfact the turbulent motions of supernovan this paper, we apply the theoretical framework developed
remnants and superbubbles on small scales (Fefriere 2601, 2hneider et al. (in press) to numerically simulate the comdi
refs. therein). Knowledge of the strength and structure agm action of depolarization mechanisms in two or three consezu

netic fields is therefore paramount to understanding ISMsjaisy layers describing a galaxy’s disk and halo to constrainegelar
in galaxies. and turbulent disk and halo magnetic field strengths in a-ace

galaxy.
Multiwavelength radio-polarimetric observations offdse In particular, M51 (NGC 5194) is ideally suited to studying
synchrotron emission in conjunction with numerical modgis such interactions for several reasons: (i) small angle dfria-
a way of probing magnetic field interactions with cosmic rayton (I = —20°) permits the assumption of a multilayer decom-
and the dituse ISM in galaxies. Of particular interest are thposition into disk and halo components along the line oftsigh
total magnetic field and its regular and turbulent compasientii) high galactic latitude (b= +68.6°) facilitates polarized signal
as well as their respective contributions to both wavelengtextraction from the total synchrotron intensity since toetdbu-

7v1l [astro-ph.GA] 22 Jun 2014

«— ‘Magnetic fields are important drivers of dynamical processe
[~ theinterstellar medium (ISM) of galaxies on both large andlé
L) scales. They regulate the density and distribution of cos
= rays in the ISM|[(Beck 2004) and couple with both charged a
through ion-neutral collisions, neutral particles in edisdly
all interstellar regions except for the densest parts ofeqiol
lar clouds|(Ferriére 2001). Moreover, their energy deesitire
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(Berkhuijsen et al. 1997), and (iii) proximity of 7.6 Mpcailys 1able Al). Ratios of mode strengths are reported as thialfor the
fora higﬁ spatial resolution study. Besides a regulargarale magnetic field strengths to be left as a variable parametaurimodel.
magnetic field component and an isotropic random, smalksca
field, the presence of an anisotropic random field comporsent i
expected since there is no large-scale pattern in Faraday ro Ring 1 Ring 2 Ring 3 Ring 4
tion accompanying M51’s magnetic spiral pattern observed i

radio polarization|(Fletcher etial. 2011). Additionally,5Ms rlkpc]  [2.4,36] [36,48] [4860] [6.0,72]
galaxy type (Sc), linear dimension, and ISM environment are B2/Bo  -33/-46 -25/-57 -40/-76 -44/-76

comparable with that of the Milky Way (Mao etial. 2012), (see p[°] -20 -24 -22 -18
also| Pavel & Clemens (2012) for near infrared (NIR) polarime D[] 12 16 8 3
try), possibly allowing for the nature of the global magoéield 2
properties of our own Galaxy to be further elucidated. B2l°] -8 —6 -14 -25
Bni1/Bno 76/23
Prol°] -43
Phil°] —-45 -49 -50 -50
2. Observational data Bral°] 44 30 -3 -16

We use the Fletcher etlal. (2014313.5,6.2,20.5 cm contin- Notes.The indexh refers to the halo magnetic field. Dots mean that the
uum polarized and total synchrotron intensity observatioh corresponding parameter was insignificant inithe Fletchall €2011)
M51, taken with the VLA and Eelsberg and smoothed with a{;t)s and is thus not an input in our model. _
15" beam resolution, to construct degree of polarizafionaps. changed from original value 6f90 to be in closer agreement with
The p maps are partitioned into four radial rings fron# 2 7.2 the halo pitch angle value reported for inner three rings.

kpcin 12 kpc increments with every ring further subdivided into
18 azimuthal sectors, each with an opening angle dff2Uow-
ing[Fletcher et al.| (2011). We will call these rings 1 throuph
from the innermost to the outermost ring. This results in-a ta,
tal of 72 bins. In the outermost ring, two of the bins are ex-
cluded as the number of data points within them is too small ) )
(less than five). For each of the remaining bins, histograms aBr = Bosin(po) + B2 sin(pz) cos(2 - 52),

produced to check that the individual distributions areenor B, = By cos(po) + B, cos(p2) cos(2 — 2),

less Rician and the mean pfis computed with the standard de- B, =0,

viation of p taken as the error. Thermal emission subtractio . .

was done using a constant thermal emission fraction achess P = BnoSiN(Pho) + Bna Sin(pn1) Cos@ — Br),

Galaxy (Fletcher et &l. 20111). In this method, thermal eioiss Bns = Bno COS(no) + Bn1 COS(n1) COSE — Bha),

may have possibly been underestimated in the spiral arnein 8, = 0, (1)
Fletcher et al.[(2011) total synchrotron intensity maps, \thl-

ues ofp may, consequently, be overestimated in the bins trWf‘lereh denotes the component of the halo field. Please consult

contain the spiral arms. Table[1 for the associated magnetic field parameters in[Bqg. (1
and see Fig.14 of Fletcher et al. (2011) for an illustratibtheir
best-fit disk and halo modes. An anomalous halo pitch angle of
—90r for the outermost ring was deemed unphysical and prob-

The regular disk and halo magnetic fields in cylindrical pola
ordinates are

3. Model ably arose owing to the low polarization degrees in this .ring
’ Therefore, we ignore this value and instead 45€°, the pitch
3.1. Regular field angle in the adjacent ring.

Our model inputs only the regular magnetic fielidections,
Following[Fletcher et al[ (2011), we use a two dimensionguire d€scribed by the respective modes for the disk and halo in
lar magnetic fields, Bm(r) cos(mé — Bm) for both the disk and Eqg. (1), along with the relative strengths of these modeg i
halo with integer mode numben and azimuthal angle in the PY B2/BoandBu /B in Table[1, while the regular disk and halo
galaxy planes, measured counterclockwise from the northeffi@gnetic fieldsirengths are allowed to vary.
end of the major axis along M51’s rotation. A superpositibn o The components of the regular magnetic field are projected
axisymmetric modes = 0, 2) describes the disk magnetic fieldonto the sky-plane (Berkhuijsen etlal. 1997) as
while mainly a bisymmetric moden( = 1) describes the halo
magnetic field. These modes yield the individual amplitugigs B, = B, cosg) - B, sin(®),

itch les pm andBn les. _
pitch angle8 pr, andB, angleB B, = [Br sin() + By cos(gb)] cos() + B;sin(),
E|| == [Br sin(@) + By cos@)] sin(l) + B, cos(),

1 The pitch angle of the total horizontal magnetic field is givsy
ar(:tar(Br /B¢) per modem. Hence, sif{pm) and cogpy) correspond
to the B, andB, components 0B, respectively.

2 Thep angle is the azimuth at which the corresponding: 0 mode Wherel is the inclination angle anildenotes a component of the
is a maximum. field parallel to the line of sight.

Article number, page 2 ¢f10



C. Shneider et al.: Constraining magnetic field strengtid5a

Table 2. Model Standard Parameters. Thermal elgctron densidy (cal far and near sides of the halo, are given/by (Shneidef et al
and path lengthl() values are collected from Berkhuijsen et al. (1997 o

and|Fletcher et al| (2011). The parameteis used to characterize i press)
anisotropic turbulent magnetic fields and is discussed atiGd3.2. ( D ) { 5 (|d )2 ( 1 - 26 % cosCy + e_ggd)
Ll ={W2 (=
2layer

Po | Qg + Cg
nefcm=] L[pc] W2 ( In )2 ( 1-2e % cosCh + e_ZQh)
DiskRing 1,2 0.11 800 2.0 h 02+ C2
DiskRing3,4  0.06 1200 2.0 L 2
HaloRing1,2 001 5000 15 + WyWh -2 ﬁ[{F, G} (2Ausan + Cn)
HaloRing3,4 0.006 3300 1.5 12 F2+G

+ e QM (E G} (2A0h + Ca)
— &% (F,G} (2A¢gn + Cq + Cp)

3.2. Turbulent field 1/2
—Q
We explicitly introduce three-dimensional turbulent metio - €7 {F G} (2Adan) } ’ (3)
fields with both isotropic and anisotropic components. Tdre r
dom magnetic fields are expressed as the standard deviafiorand
the total magnetic field and are given by 0 \2 1
. — =[2wW? (—h) {(—)x

0'>2< = O'r2 [COSZ(¢) ta S|n2(¢)] 5 ( Po )slayer ( " Qﬁ + Cﬁ

2 _ 2 H H
o5 = o {[sirf(9) + a cog(g) | cog(l) + sirF()} (1- 2™ cosD + &™) |1 + cos(Cy + Cn) ]}

2_ 2 H H
ot = o {[sinf(g) + @ coS (@) | sirP(l) + cog(l)}. 2) » (|_d)2 L 2% s 4 o K
Anisotropy is assumed to exclusively arise from comprassio 9 \ | Qg + Cg
along spiral arms and by shear frontfdrential rotation and is Ll 5
assumed to have the forof, = ao? with o > 1 andor = oz 4+ Wy, %W{ {F, —G} (=2A¢an + Ca)
Isotropy is the case when= 1. For anisotropic disk magnetic +

fields in M51,a has been measured to b83 bylHoude etal. + {F, G} (2Aygn + Cp)

(2013) who measured the random field anisotropy in termseofth __, , )

correlation scales in the two orthogonal directiorsuidy) and  + € [{F’ G} (2A¢an + Cq) + {F, =G} (=2A¢an + Ch)]

not in terms of the strength of the fluctuations in the twodire _ _q, v

tions, as we use. For the halo anisotropic fieldss expected - [{F’G} (2A¢gn + Cq + Cp) + {F, =G} ( ZAWdh)]

to be less than the disk value as a result of weaker spiraltglens 172
waves and dferential rotation in the halo. In our model, the disk- € ™[ {F. <G} (~2Ayan + Ca + C) + {F, G} (2Aan) ]}) ,
and halo anisotropic factors are fixed t0 and 15, respectively, 4
and are reported in Tallé 2. Root mean square (rms) values are )

used for individual components of the turbulent magnetid fie, here p, is the intrinsic degree of linear polarization of syn-
strengths in the disk or halo by normalizing the square et - otron radiation,{d, h} denote the disk and halaQq =

o or anisotropico field strength asr? = o2/3 for isotropy 202, 4%, Qn = 202, 4% Cq = 2Rl Cy = 2Ry2, F _

ando? = 04 /(2 + ) for anisotropy in Eq.[(2). Q4O + C4Cr, G = OrCq — QqCh.
In Egs. [3) and[{4), the per-layer total synchrotron emissio
3.3. Densities li, the total Faraday dept, the dispersion of the intrinsic RM

within the volume of the telescope bearay,, along with the

The thermal electron densityd) is assumed to be a constant ajyavelength-independent depolarizing teriisare respectively
each of the four radial rings and about an order of magnitugien as

smaller in the halo than in the disk. Table 2 displays thekesga
along with the respective path lengths through the (flardisf li =& L,
and halo. The cosmic ray density) is assumed to be a global R = 0.81ng By L
constant throughout the entire galaxy whose actual valaetis - e Ei s
significant as it cancels out upon computipg Synchrotron ory, = 0.81 (ng) by (L; d))*/2, (5)
emissivity is described as= cB? with constant = 0.1. . 2 o o]Y2

[(EX Brai-ai) 4§x§y]

3.4. Depolarization W = = ) (6)
BJ_

We model the wavelength-dependent depolarization mecha-
nisms of diferential Faraday rotation (DFR) and internal Fara-
day dispersion (IFD) concomitantly to account for the pnege whereg; is the synchrotron emissivity; is the synchrotron in-
of regular and turbulent magnetic fields in a given layer toge TR B _ B LR
with wavelength-independent depolarization. The cormbin(teensn—y' b ithe path length (pc), along V\_MBL BX_ i By
wavelength-dependent and wavelength-independent digola andB? = B, + 0% + of. The form ofW in Eq. (8) implic-
tion for a two-layer system and three-layer system, wittide itly assumes that emissivity scales withx B? corresponding
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to a synchrotron spectral index of -1. Isotropic expressiwon Table 3. Model settings for a two- or three-layer system based on-regu
the intrinsic polarization angle and for wavelength-inelegent lar and turbulent magnetic field configurations in the distt halo.
depolarization are obtained by settiog = oy. The opera-
tion {F,G} (a) is defined a4F,G}(a) = Fcos(a) — Gsin(a).

Ayan = (Yoa) — (Yon) is the diference in the projected intrin- Disk Halo
sic polarization angles of the disk and halo with the respect Reg. lso. Aniso. Reg. lso. Aniso.
angles given by (Sokofbet al 1998, 1999) as B5if —— >
BB DAH v v v
(o) = & —arctar{cos() tan@)] + 2 arctar{_2 = By ] , Bﬁ_‘"l" i i v j y
By—By+o%—07)
i DIHA VA v v
(7) DAHI v v VAR,
Expectation values denoted Hy..) arise whenever turbulent ~ DAHA v v v v
magnetic fields are present. Only the last term of Eq. (7) resna ~ P!HA oo v v v
upon taking the dference. DAHAI v v v v v
In our use of Eq.[(5) to describe both isotropic and DAIHI v v v v 4
anisotropic random fields we implicitly treatry as a global DAIHA v v v v v
DAIHAI v v v v v v

constant, independent of the observer’s viewing angle aa fo
purely isotropic random field. Moreover, the diameter of @ tu
bulent celld; in the disk or halo, as it appears in Egl (5), is a|

Notes. The three column headings below the principle headings of
Rhe ‘Disk’ and ‘Halo’ denote the regular, isotropic turbote and

proximately given byl(Fletcher etial. 2011) anisotropic turbulent magnetic fields. The rows contairstinly of all

D 2/3 model types simulated with the following nomenclature: @id ‘H’

d ~ ORM,D 8) denote disk and halo magnetic fields, respectively, ‘I’ alicare the
0.81 (ng) by (Li)1/2 ’ isotropic and anisotropic turbulent magnetic fields.

with orm.p denoting the RM dispersion observed within a tele-
scope beam of a linear diametér= 600 pc. orup has been
fixed to the observed value of 15 rad h{Eletcher et al. 2011).

measuredp values per bin in a given ring, and the sum is
4. Procedure taken over all bins comprising a given ringN is the num-

We use various magnetic field configurations of isotropibuwr P€r Of degrees of freedom given byobserving wavelengths) x

lent andor anisotropic turbulent fields in the disk and halo Wiﬂé)# bi nfs.i nda ringzj— (# independentt[;)a.rametlilers), \.Nilt:;‘ tfgjga QL;:; h
the requirement that there be at least a turbulent magnekit fi ercl) Indepen _er]\} pl)g\rameters elndg the varlal € ais f a
in the disk followind Fletcher et al. (20111) observations ¥so f€9ular magnetic field strengths and, hence, always twoa for
model wavelength-independent depolarization directiy\Miin f|xeq input of turbulent magnetic fields describing a paiticu
Eqg. (8) instead of approximating it with the value pfat the configuration.

shortest wavelength. Consequently, these turbulent amafig
tions, given in Tabl€l3, span 12 of the 17 model types listed . P : )
Shneiger ot all in Eess pupper panel of Table 2)yzfnd are i”li'?est—flt combination of total disk and halo regular magniéic
trated in their ngs.l 2 and 3 for an example bin with a pargécul trengths c;)rrespondlng to the IOV@%&’ value are fqund and
choice of magnetic field strengths. These configurations m%)zlange Of¢7ey CONtours are plotted in order to examine ifg,
also be viewed in terms of two distinct groups characteried landscape. Repeating this procedure allows for a globak-min
the presence or absence of a turbulent magnetic field in fbe hUMX;eq Value to be obtained for each of the rings.

The isotropic and anisotropic turbulent magnetic field _ )
strengths in the disk and halo are each sampled from Xreq V2IUES larger than one are accepted in order to establish
[0,2,5,8,10,15, 20, 25, 30] «G in line with M51 observations of & trend in turbulent magnetic field conflgu_ratlons and snr_lwg
having a 1Q:G isotropic and a 19G anisotropic turbulent field TO test whether the admission of these highy values yield
in the disk (Houde et al. 201.3). We assume that the total turf§gular disk and halo magnetic field configurations that &e s
lent field strength in the halo is less than or equal to thahén ttiStically consistent for each ring, we use a generalizegéioor
disk. For each of these turbulent magnetic field configunatio @PProach (bootstrap technique) which is independent ofhe
we allow the regular magnetic fields in the disk and halo te sepjatistic. This approach stipulates to approximatelyinet@%
arately vary in the ranges of-0504G in steps of 0L uG. f the dat_a while dlscard_mg around 30% of the data at rando_m,

We apply a reduced chi-square statistic to discern a bt €ach independent trial run, and to check the resultirsg fit
fit magnetic field configuration for each of the four ra2dain. Inthis way, the stability of the lowegf,, contours for
dial rings, independently, at the three observing waveteng 2 partu_:ular configuration is tested. Followlng 50 such pafe
1113.5,6.2,205 cm. The reduced chi-square statistic is giV(-:-‘fIlent trial runs for each of the globaf,; minimum found per
by ring reveals that all such Iowegfed contours aratable for both
a two-layer model and (quasi) stable for a three-layer model

For each turbulent magnetic field configuration sampled, the

2 2
X 1 (Pobs = Pmod)
szed=ﬁ=— E —Osazmo

b}

We examine a smaller subset of the turbulent field configu-
rations for a three-layer model making sure to examine cenfig
where pons and pmog are the observed and modeledvalues urations that are both good and poor fits for the correspandin
given in Egs. [[B) and{4)s is the standard deviation of thetwo-layer system.

binsering
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(a) Two- layer Xfﬁ,f, contours ring 1 (b) Two- layer Xfﬁd contours ring 2

10} — Lo
G [T >
5 _____________
o b e
E gl
I
00 5 _ iO iS 20 00 5 _ iO iS 20
B disk (uG) B disk (uG)
(c) Two- layer x2, contours ring 3 (d) Two- layer x2, contours ring 4
10} 1 10
Q 0)
= =
o o
2 5 8 st
I |
% I T 5 20 % N T 15 20
B disk (¢G) B disk (uG)

Fig. 1. (a)-(d) Contours of equal reduced chi-square values farlaegnagnetic field strengttB®in disk and halo in a two-layer model for each
of the four rings. The best-fit DAIHI model, denoted Wy, is composed of regular, isotropic turbulent and anisatréyrbulent disk and halo
magnetic fields with respective minimum reduced chi-sqefg) values and field strengths presented in Table 4. The dasbkdi, and dotted
contours represent 180, and 100 percent increases in yﬁ% value, re

Table 4. Two-layer best-fit DAIHI model magnetic field strengths. Vi Two- layer Xfpd contours ring 2
ues in parenthesis correspond to the alternative best-fiehadopted ‘ ‘ ‘
for ring 2.
10
Ring 1 Ring 2 Ring3 Ring 4 %
Disk o
150.[uG] 10 10 10 10 2 s
Aniso.uG] 5 10 10 10 Ba
Reg.uG] 887 0073°(124%) 106+3 1287
d[pc] 47 40 52 52
Halo o0 :
Is0.[uG] 5 10 (2) 2 2 B disk (uG)
Aniso.[uG] 0 0 0 0

Fig. 2. Contours of constant?; for values of regular field in the disk

+2
Reg.LG] 38+1 76+2(15+15) 25+1 333 and halo for ring 2 with a deviating value for the isotropichuient

d[pc] 215 135 (395) 638 638 field corresponding to the alternative best-fit model adibpsee text.
Xin 12 24 (31) 21 30 Symbols are the same as used in Elg. 1.
5. Results gether with the best-fit regular disk and halo field strengis
5.1 Two-laver model tained from the reduced chi-squared analysis. Errors tegor
" V! for these respective regular field strengths are based motite

The turbulent magnetic field strengths which correspondhéo tcontour in Fig[dl which represents a 50% increase inythe
best-fit two-layer model per ring are presented in Table 4 malue.)(rznm is the minimumyfed value corresponding to the best-
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— Both regular and turbulent magnetic field strengths in the

(a) Two- layer model disk magnetic fields disk are a few times higher than those in the halo;

* * Reg. — There is a significant anisotropic turbulent field component
- ::{so in the disk, but not in the halo;

— Within the errors, none of the magnetic field strengths shows
a clear trend as a function of galactocentric radius. A pos-
sible exception here is a slightly stronger (isotropic)d@m
magnetic field strength in the inner halo.

151

10p q
5 i L
" The lowery?,, value and more sensitive’, range in ring

1 suggest that the regular and turbulent magnetic fields reay b
best fit in ring 1 of the two-layer model. This may arise from
5 1 different magnetic field strengths and thermal electron deasiti
between arm and interarm regions. Ring 1 contains mostly spi
ral arms, while rings 2 - 4 trace both arm and interarm regions
which makes a single fit for magnetic field strengths in th&ent
ring less of a good fit. A-periodic modulation is apparentin the
best-fit polarization profiles of all rings in Figl 4, indigad de-
polarization caused by the regular, mostly azimuthal, reéign
field component. It can also be clearly seen that smallergrro
in the observeg/po decrease the width of the shaded gray cor-
ridor.

A model with only regular fields does not yield any good
fits as expected on physical and observational grounds. A one
layer model is excluded by our modeling as a non-zero regu-
lar magnetic field in the halo is predicted by all magneticdfiel
10 1 configurations sampled. This is consistent with the expecta
tion of two separate Faraday rotating layers (Berkhuijgextle
1997; Fletcher et al. 2011). We also consider observatiéns o
sl | M51 at 610 MHz which show thap/py < 1% in spiral arms

? (Farnes et al. 2013). Applying the criterion thatp, < 1% in
% the bins that contain the spiral arms in each ring, resulthén
exclusion of all field configurations which do not have a turbu
57136 36-78 7560 0 73 lent magnetic field in the halo. This also automatically cejea
Radial rings (kpc) one-layer model.

B disk (1G)

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 lIso.
= = Aniso.

151

B halo (uzG)

o

Fig. 3. Predicted magnetic field strengths3) with radial distance
(kpc) from M51. The best-fit two-layer model configuratiomsisting 5.2. Three-layer model

of an isotropic turbulent (‘Iso.’), anisotropic turbuleg#niso.”), and . . .
regular (‘Reg.) magnetic field strengths in the disk (a) &atb (b) is For a three-layer model, with identical near and far sidethef

shown per ring. halo, they2, landscape consists of an archipelago of minimum
X%y values as shown in Fifl 5. If a minimugf,, were to be

taken as representative of a global minimum, then, for the pu

fit d!Sk and. halo magnetic fielq configuration compqse_d of f€0Hoses of comparison with the two-layer model, we present the
lar, isotropic turbulent, and anisotropic turbulent magrfeelds.  p . it three-layer model results per ring in TaHle 5. Thedh

Figure[1 and Tabl]4 clearly indicate that the best-fit magy o pest-fit models are poorer fits to the polarization ptzse

netic field values in ring 2 deviate from the trend in the other _ ; ; ;
three rings, especialley in the disk andBis, in the halo. To Tions than the twolayer models owing to the highfy, in the

innermost pair of rings and the outermost ring. Both threet a

test how significant this deviation from the other rings i Wyq_ayer models favor the absence of an anisotropic terul
calculated a best-fit model with magnetic field values cadests

) ; . halo field in all rings. Summarizing, the three-layer models
with the other rings _and checked hOW mUChﬁ% mcre_a_sed. sult in roughly the same magnetic field values as the tworlaye
InsertingBiso = 2 G in the halo for ring 2, results in a minimum

szed = 3.1 for best-fit regular field values of ¥uG and 15 uG models.
in the disk and halo, respectively (see Fig. 2). Consideitigg

uncertainties in the model, an increasgyﬁqn from 2.4 t0 3.1is 5.3. Robustness of results
not believed to be a significantftérence in ring 2. We conclude . 2
that these field values are equally plausible and choosedptadThg tsgablllty Oif thte Loiﬁ\t’esgfred ccr)]nto&rs fcr)r]Ehrettr\]N%I?y;mogels
them as the best-fit model, making all magnetic field vaIues?rF f (ﬁ(ql_Jas 1: ab 3;? sucf{ Cr? tou sd_o N de' g’y?@
all rings roughly consistent. Figl 3 illustrates these fegand €ls, Toflowing the bootstrap techniqué dISCUSSET In SBHAD

turbulent magnetic field values for the two-layer best-ficias. gives confidence as to the robustness of the results. Iniawldit

Global conclusions to be drawn from these magnetic fiegde elongated shape (.Jf Wéd contours in both _th_ese_fig_ures in-
values are: icates that the halo is more sensitive to variation in itgitar

field value and is therefore a stronger depolarizing regiam t

— The total magnetic field strength in the disk is abouhbe disk. The models also yieJ@fecl contours for the innermost
Buwtdisk # 18 uG, while the total magnetic field strength inand outermost pair of rings which are morphologically samil
the halo is abouBgt haio ~ 4 — 6 uG; among themselves. Morphological similarity between thgsi
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Fig. 4. Normalized polarization degrgg po as a function of azimuthal angle for observing wavelength.0f3.5, 6.2, 20.5 cm for each of the
four rings for a two-layer model. Columns provide the pdation profiles per ring at a fixed observing wavelength wiaies provide polarization
profiles at all three observing wavelengths at a fixed rifigcddresponds to the North major axis of M51 with sectors cedicbunterclockwise.
The solid black points correspond to the predicted poltdravalue, at each azimuth, from the best-fit magnetic figlehgths. The shaded gray
region corresponds to the range of polarization valuesigieti by all regular disk and halo magnetic field configurai@ncompassed by the
solid, 15 = x2, . contour in Fig[l for rings 1,3,4 and in FIg. 2 for ring 2. Thelwlent magnetic fields are the same as described in Thblaet. T
following sectors have been discarded as they are outberstext): sector at 8dor the inner two rings, and sectors at 22800, and 320 in
the outermost ring.

constituting each pair may be expected based on the phpsical  Using the innermost ring which traces the data the closest,
rameters of thermal electron density and path length bajngle our models allow considerable variation in the turbulengma
for each pair as listed in Tallé 2. netic field values in the disk, while magnetic field valuesha t

lo are tightly constrained. In particular, replacing biesst-fit

g 1 configuration in Tablg]4 with isotropic and anisotipi
rbulent disk fields of 2QuG each, while retaining the bG
isotropic turbulent halo field, results in less than a 20%ense

fn szm whereas only changing the isotropic turbulent halo field
to 10 uG, while keeping the isotropic and anisotropic turbulent
Wisk fields at 1QuG and 5uG, respectively, results in more than a
959 increase i;yzmm. Correspondingly, total turbulent field val-

An area of very strong polarized intensity observed %ﬁ
A43.5,6.2 cmin[Fletcher et all (2011, Fig. 2) coincides with thcteu
ring 1 sectors at 300and 320 and plausibly accounts for the
underestimateg values at those locations at all observing wavi
lengths. Moreover, the ring 1 and ring 2 bins at &bng with
the ring 4 bin at 320are outliers as a result of an area of spar
data in the same maps and are consequently discarded. Th
sults shown in Tabldd @] 5 are obtained from the outlier fega.d
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Fig. 5. (a)-(d) Same as in Fifl 1 but now for a three-layer DAIHI model

Table 5. Three-layer best-fit DAIHI model magnetic field strengths. g Discussion

Ringl Ring2 Ring3 Ring4
Disk
Is0.[uG] 10 10 10 10
Aniso.[uG] 10 10 10 5
Reg.kG?  1.8%° 007 2277 109%S
d[pc] 40 40 52 61
Halo
150.[uG] 5 8 10 8
Aniso.[uG] 0 0 0 0
Reg.uG* 36+1 532 683 6879
d[pc] 215 157 218 253
X 3.0 36 21 3.6

The picture that emerges is the following: in the disk, maigne
field strengths ar@eg ~ 10 4G andBym = 11— 14 uG, where
Bwrb includes both the isotropic and anisotropic random com-
ponents. In the haloBey » 3 uG andBy,y is about equal to
Breg and consists only of an isotropic component; there is no
anisotropic random field in the halo. If anisotropy in magmet
field fluctuations is caused mostly by the strong density wave
in M51 and shearing flow, the anisotropy would indeed mostly
or exclusively occur in the disk. The regular and total madigne
field strengths in the disk are in agreement with equipartiti
values 0fByeq » 8 — 13 uG andBy; ~ 15— 25uG as calculated
by|Fletcher et al/ (2011).

In the halo, maximum cell sizes of the turbulence appear to
increase towards the outer part of the galaxy (for a twoflaye
model), whereas the turbulent cell sizes in the disk areapr
mately equal. The smaller the turbulent field strength, aingdr

Notes. @ A value of OuG is to be used for the lower regular fieldthe turbulent cell size for the representative RM dispersie
strength bound when the lower error bound exceeds the aetgalar given by Eq.[(8). If the turbulent cell size in the halo wereiaq

field value.

for the inner and outer parts of the galaxy, the RM dispersion
would decrease towards the outer part of the galaxy, for #ive v
ues of turbulent magnetic field resulting from the model, akhi

is not observed. However, the cell size in the halo is unoerta
since Eq.[(B) is only valid fod <« D andd <« L, which might

not be the case in the halo.

The field strengths we find are broadly consistent with ear-

ues of up to 3@G are allowed in the disk. However, Houde et alier studies. | Berkhuijsen etial. (1997) discussed the miégne
(2013) report an observed value of the total turbulent diski fi fields in M51 in terms of separate disk and halo for the first
of 15uG in M51, so that any models with a total turbulent fieldime. They found a slightly lower regular magnetic field in
greater than 1uG are excluded observationally. Finally, thehe diskBreggisc ~ 7 G, constant across the disk. Their (as-
regular disk and halo field strengths vary only slightly for alsumed isotropic) turbulent field strength is comparableuo o

allowed values of turbulent disk and halo fields, indicatihgt

they are robust for all rings.
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to ~ 9 uG. [Fletcher et al.| (2011) finds regular magnetic fieltbr M51, adopted from Table 3 bf Tabatabaei etlal. (2013)ctvhi
strengths in both the disk and halo between roughly4uG gives a total magnetic field strengBy: ~ 10uG via Eq. [9), as
with a slight increasing trend in disk regular field strengith an order of magnitude estimate. Considering the roughrfess o
radius. They ascribed these anomalously low values to iggorthe estimates of the parameter values in Elg.Bg),~ 10uG in
anisotropic random fields in the equipartition estimatetf@ the disk is consistent with our results.

regular field strength. There is still an anomaly in the eated
regular field strengths though since the polarization aaglt .
RM give 1- 4uG while depolarization and equipartition both/- Conclusion

give 10uG field strengths. Possible explanations include ignape have shown that it is possible to use our analytical depola
ing the (unknown) filling factor of the thermal electrons et jzation models with radio polarimetric observations, dstirsg
RM based estimate, correlations in the line-of-sight tistions  f only three observing wavelengthsit1 3.5, 6.2, 20.5 cm, as-
of By andne, and equipartition not holding. sisted by the criterion found from the 610 MHz M51 data by

The resulting magnetic field strengths in the two-layer mogiarnes et all (2013), to constrain both regular and turbubery-
els and the three-layer models are in agreement. In fadieif hetic field strengths in M51. By numerically simulatingfdi-
best-fit turbulent magnetic field Conflguratlons for all ml’ ential Faraday rotation (DFR) and internal Faraday dis'pBrS
the two-layer model were to be used for a three-layer mod@kD) as the main wavelength-dependent depolarizationhmec
then the resulting best-fit regular disk and halo fields watiltl - anisms along with the contribution of isotropic and anispic
be_d_escr!bed by the three_—layer. model W_|th|n the Statedr.err@]rbu|ent magnetic fields to Wave|ength-independentcm'm_
This implies that all of the signal is depolarized from thed@le  tion, we have arrived at estimates for both regular and tartiu
of the halo, at all wavelengths. Our models therefore cortfiien magnetic field strengths in the disk and halo consistent litith
conclusions from_Horellou et al. (1992) and Berkhuijsenlet &rature, as shown in Talle 4.

(1997) based on Faraday rotation and polarization angle mea This agreement with earlier studies gives confidence that
surements. Analyzing polarization data of 21 nearby gekiXithese models are realistic. However, our model is more so-
from the WSRT SINGS survey (Heald etial. 2009), Braun et ghisticated than earlier work since it directly simulatée t
(2010) concluded from RM Synthesis that M51 shows polafravelength-dependent depolarizing mechanisms of DFR and
ized intensity at Faraday deptiiss +13 rad nT%, coming from |FD thanks to the presence of both regular and random magneti
a region of emissivity located just above the midplane. Thegids. Previous model5 (Berkhuijsen et/al. 1997; Fletchafle
also measured Faraday depth components of abd80 and [2017) did not include synchrotron emission from the haltiede
200 rad rTT2, interpreted as emission from the far side of the mleﬂmar”y on rotation measure (RM) measurements, and did no
plane, which is highly Faraday rotated because of its prapay model the actual contribution of isotropic and anisotrdpibu-
through the midplane. The positive and negative Faradathdent magnetic fields to wavelength-independent depolaoiza
components roughly coincide to the hemispheres of the disk we find that anisotropic turbulent magnetic field strengths i
where the an azimuthal magnetic field would point towards g{e disk of M51 are comparable to isotropic turbulent field an
away from the observer. The high Faraday depth componentsigular field strengthsB ~ 10 uG). However, no anisotropic
consistent with our model, assuming the path length andrelec tyrbulent field is detected in the halo, where the isotropiclfis
density as in Tablel2 andl; = 10sin() uG. The turbulent cell B~ 2 G, comparable to the regular field strength in the halo.
sizes found for the disk agree with the values. in (FletChe‘et Comparison of disk-halo models inc|uding and exc|uding a
20115 Houde et al. 2013) and the turbulent cell sizes in the hadepolarizing) halo at the far side shows that the far side isa
are characteristic of the typical cell size expected foradpi mostly depolarized at our radio wavelengths, making a ye
galaxies of between 1001000 pci(Sokolf et al. 1998). model of disk and near side halo a good approximation.

The expected total magnetic field strength may also be These models show that even with observational data at only
estimated from the interdependence of the magnetic figlftee wavelengths, useful results on magnetic field stheraytd
strength, gas density, and star formation rate (SFR) asestefj configurations can be obtained. Current observationalbiapa
by the far-infrared - radio correlation (Niklas & Beck 1997)ities of broadband radio polarimetry would allow the data to
Schleicher & Beck1(2013) demonstrated that the observed fr constrained to a greater extent. This would make it possi-
lation between star formation rate and magnetic field sttengle not only to better determine whether a two-layer or three
arises as a result of turbulent magnetic field amplificatiptup-  jayer modeling approach is best suited for describing tha da
bulent dynamo action, with turbulence driven by supern@M)( but also to have tighter estimates for the regular and @gatr
explosions. The expression they derived, applied at a iftdslnd anisotropic) turbulent field strengths in the disk arid.ha

z= 0, is given by Recent studies by Tabatabaei etial. (2013)land Heesen et al.
(2014) have observationally revealed local correlaticetsveen
Biot ~ Va7 0y ® (fmase Esn)® Zgih, (9) the mean and turbulent magnetic field components with thre sta

formation rate with a theoretical motivation for such scérs
wherepo ~ 10 **gcnr? is the typical ISM densitySsrr ~  recently provided by Schieicher & Bedk (2013). Future irives
0.1 Mo kpc?yr is a reference SFR per unit arefgs ~ 5% is  gations, in conjunction with tests of models for magnetitdfie
the expected saturation level for supersonic turbulendeaor  amplification by dynamo action, would, therefore, focus loa t
tion of the turbulent energy averaged over timescales 400 dynamical physical quantities that give rise to the fieldtre
Myr, fmas~ (8%/Ms) is the mass fraction of stars yielding corefound in this work. Valuable for this purpose would be spectr
collapse SNse ~ 5% is the fraction of SN energy convertedcopic data from H and far-infrared to probe the star formation
to turbulence, anésy ~ 10°'erg is the typical energy releasedate, HI and H for estimating gas density, and HI line emission
by an SN. TheBy; x ZéfR scaling of Schleicher & Beck (2013) for determination of rotational and turbulent velocity.
is comparable with the observed relation between equijearti Acknowledgements. CS and MH acknowledge the support of research program

magnetic field strength and star formation rate for spirtgbg’as 639.042.915, which is partly financed by the Netherlandsa@imgtion for Sci-
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