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ABSTRACT

Depolarization of dfuse radio synchrotron emission is classified in terms of leaggh-independent and wavelength-dependent
depolarization in the context of regular magnetic fields ahthoth isotropic and anisotropic turbulent magnetic fielé&evious
analytical formulas for depolarization due tdfdrential Faraday rotation are extended to include intdrashday dispersion con-
comitantly, for a multilayer synchrotron emitting and Fadagt rotating magneto-ionic medium. In particular, depaktion equations
for a two- and three-layer system (disk-halo, halo-dislohare explicitly derived. To both serve as a ‘user’s guitbethe theoretical
machinery and as an approach for disentangling line-dftggpolarization contributions in face-on galaxies, thalygtical frame-
work is applied to data from a small region in the face-on drdasign spiral galaxy M51. Thefectiveness of the multiwavelength
observations in constraining the pool of physical depaéidn scenarios is illustrated for a two- and three-layedeh along with a
Faraday screen system for an observationally motivatedhatgxfield configuration.

Key words. galaxies: magnetic fields — polarization — galaxies: individual: M51 — galaxies: spiral — ISM: magnetic fields — radio
continuum: galaxies
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1. Introduction by anisotropic magnetic fields and thffexts of the magneto-
ionic medium on the propogation of radio waves had already

Depolarization of linearly polarized synchrotron raddaticom- peen described Hv Ginzbur ki (1065). In particu
bined with multiwavelength observations is a powerful di@s+  |ar [Korchakov rov. iiﬁa had arrived at waveltmg

Cﬁ ticforprobing t_he constituents_of thefflise inte_rstellar medium independent analytical formulas connecting the degreeoef p
(ISM) in galaxies. The medium may be either synchrotrofyrization to the degree of regularity of the field for the gre
< emitting and Faraday-rotating or only Faraday-rotatingdea- ence of aranisotropic magnetic field superimposed on a regular
™ day screen) depending on whether cosmic ray electrons ocgi#gnetic field as in the spiral arms of the Galaxy. In their in-
. conjointly with thermal electrons and magnetic fields. Metim  troduction Sokol et al. [1998[1999) provide a concise sum-
L0 fields encompass regular (mean) fields, which are ordered gRgky of works on applications of depolarization laws to ehar
coherenton large scales and turbulent fields on small sCBles acterize magnetic fields in radio galaxies, jets, and otheior
bulent fields are further classified as isotropic or anigotroAn sourceslﬂ?d_(l_&%) considered the case of a symmetrigesin
«— ‘alternative definition of anisotropy in terms of field stiteitmay |ayer uniform slab with constant emissivity and Faradagtioh
S be found in_Jansson & Farrar (2012). The three distinct Comer unit line of sight (for a review of several other models se
ponents of the magnetic field - regular, turbulent isotrop -
ts of th tic field lar, turbulent isotrppitd  |Gardner & Whiteodk (1966)).

4

turbulent anisotropic - contr!butef&erently to thg three observ- | the sole presence of regular magnetic fields permeating
s— ables of total synchrotron intensity (I), polarized syrathon o (gyrm) slab, the polarization angle is a linear functidn
@© intensity (P1), and the Faraday rotation measure (RM) as dife square of the wavelength, and the degree of polarization
cussed in J& et al. (2010). Jansson & Fairar (2012) (see Figgdjiows the (Burn) depolarization (sinc) function. The Ge
of Jaffe et al. (2010) for an illustration). tic foreground was modeled as a Burn slab in the work of
The study of depolarization signatures in synchrotron-ra@rentjens & de Bruyn (2005). When an isotropic Gaussian ran-
ation has its origins in the suggestion by Alfvén & Herloisogom magnetic field is also present the Burn depolarization fo
(1950) that cosmic radio waves result from relativistictlens mula is modified to include internal Faraday dispersion (IFD
spiralling in magnetic fields. For an overview of observadb with dispersion scaling with the quartic power of the wave-
tracers of galactic magnetic fields, see Zweibel & Helle9%9 |ength. As noted by Sokofbet al. [1998), a factor of ‘2’ was
In the context of nearby spiral galaxies, the basic resolts ¢ missed in the dispersion formula. Moreover, Faraday d&per
cerning polarization and Faradafferts stem from the seminalin an external screen was also examined and received smitici
work of [196B) who considered wavelength-dependent deom [Tribblé {1991) who modified this result to scale with the
polarization contributions from regular amsbtropic turbulent quadratic power of the wavelength since the dispersion avoul
magnetic fields to describe the distribution of polarizetladon cause the spatial correlation length of the polarized eorig®
along the line of sight. Depolarization of synchrotron edidin  decrease with increasing wavelength until it would drophel
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the size of the turbulent cells (see also Sokodb al. (1998)). system, in order to examine the depolarization contriloutib
Burn (1966) also considered wavelength-independent depothe side of the halo farthest from the observer. Constaangth
ization arising from variations in polarization angle be tbres- regular and turbulent magnetic fields along with a constast c
ence of isotropic random magnetic fields. This led to theesqpr mic ray densityn,, as well as a constant thermal electron density
sion for the degree of polarization in terms of the ratio afrgly n. serve as independentinput for the disk and halo. Heets of
densities of the regular and random magnetic fields as wavelength-independent and wavelength-dependent dégmla
tion are directly traced by the normalized degree of potdion

2
Pobs _ By , that describes the degree to which the measured polarigedlsi
Prmax Bj + B? deviates from its intrinsic value. Several depolarizatioecha-
which was corrected Hy Heilels (1996) to nisms are in play in the medium. We focus on the main ones for
5 our modeling and discuss these separately.
Pobs  _ B} , The total field is comprised of a regular and fluctuating (tur-
Prax B3+ 5B? bulent) part and is given b3 = B + b, where the over-bar

for a face-on spiral galaxy. Herpess and prax are the observed Notation has been adopted to denote the mean field. The fluc-
and maximum degrees of polarization, aBgland B, denote tuating part is described by a three dimensional turbulentor
the uniform (regular) and random (isotropic turbulent) metig field b Whlc_:h is a random variable, with cylindrical components
fields, respectively. !or, lz.)d,,.bZ (in the galaxy plane) ar)d whose standard deviation
The work of Sokold et al. {1998) generalizes the results df similarly o, oy, 0. A correlation between the transverse
{1966) to describe more complex lines of sight in which: and longitudinalb, components of the turbulent magnetic
magnetic field reversals occur and which pass though a mult!d b arises from the solenoidality or divergence free condition
layer magneto-ionic medium as characteristic of spiragjak. ¥~ P = 0. Itis assumed that thefect of such a correlation is
Emissivity and Faraday rotation are no longer constant aamg nf*€gligible, thereby allowing for these components to batére
arise from cosmic ray electrons and thermal electrons vifth ¢@S uncorrelated (Sokdicet al 1998). . .
fering extents along the line of sight. These authors cemsiee  AS S00n as turbulent magnetic fields appear in the descrip-
cases of a symmetric nonuniform slab, an asymmetric slabaarfion. all related quantities have to be addressed througtxan
multilayer slab and show that the polarization angle is mgéy P€ctation value given by a volume average over the random mag
a linear function of the wavelength squared in all of these- conetic fluctuations in the source of synchrotron radiatiomc&
texts. Additionally, formulas for wavelength-indepentidepo- Volume averaging will be equal to ensemble averaging in our
larization arising from isotropic turbulent and anisoiofur-  tréatment, the self consistency of the above representédio
bulent magnetic fields are derived using the rms value for tHe total magnetic field may be obtaineddgemble averaging
turbulent magnetic field strength. both sides and noting thatand its components are random vari-
We base our method on the multilayer slab approach but nailes with zero mean. HendB,is also an ensemble average of
include the simultaneous action offidirential Faraday rotation the total fieldB. Upon including the three dimensional turbulent
(DFR) and IFD in each layer of a two- or three-layer magnet§iagnetic fieldb and assuming the standard scaling of emissiv-
ionic medium. An explicit analytical formula for polarizan ity with the square of the perpendicular component of thal tot
arising from a three-layer medium is provided. We also cormagnetic fieldg o B2, it is the expectation values ¢By) = By
bine wavelength-dependent and wavelength-indepenétects
in this framework and allow for regular, isotropic randomgda
anisotropic random magnetic fields. To the authors’ knogeed
this is also the first specific application (in modeling) of tma-

and(Bﬁ) = Ei + o whereo denotes the respective standard
deviation withk = {x,y,z and(...) represent expectation val-
ues or ensemble averages, which feature in equations bliesgri
vt ; C depolarization. Please consult Appendix A for a more dedail
ytical work done on anisotropic fields.

This multilayer approach is intended for modeling nearlexplanatlon and an alternative scaling based on the edjtigar

face-on galaxies where it is filcult to disentangle the signalgssgmp.t'on' _ o We includ .
from the disk and halo. We apply the developed theoretical ma OB'ZOUOpy’O—f = 99 I_ Iz = ‘TI' N mc(tjjbe aE'SOI][Opy dif
chinery to the face-on, grand-design spiral galaxy M51,clwhi caused by compression along spiral arms and by shear frem di
lends itself to a decomposition into a disk and a halo thaoksfferentlal rotation and assume it to have the form
its small angle of inclination.

In this paper, we lay the foundations for an improve
physical modeling of the galaxy, building on previous wor

j ; al. 2011) by takingade

gi = a(rrz, o = 03, (1)

F‘)ﬂ?/ith a > 1. Isotropy may be seen as the case wherel. We
- ! . : ““emphasize that the above relations for isotropy and aoiggtr
larizing dfects into account directly, thus enabling a statistyy, 55 vterized by, are relations between the square of the stan-

cal comparison with polarization maps at each observin@vva\/jard deviation or variance of the componentb ahdnot among
length. In a follow-up paper, we will apply the method to Conéomponents ob itself

strain both regular and turbulent field strengths in M51 Ster
et al. in prep., Paper II).

2.2. Projection from galaxy-plane to sky-plane coordinates

2. Method The total magnetic field and the intrinsic polarization angf
synchrotron radiation must be projected from the galaarel
onto the sky-plane. For the regular disk and halo fields, the
We model a nearly face-on spiral galaxy with a disk and a hatoansformation from galaxy-plane cylindrical polar coioates
The multilayer decomposition along the line of sight is pete sky-plane Cartesian coordinates proceeds with thedatro
formed explicitly for a two- (disk-halo) and three- (halskt tion of two Cartesian reference frames, one with its origin a
halo, with the far and near sides of the halo being identlaggr M51’s center and the second in the sky-plane, withxais of

2.1. Regular, isotropic turblent, and anisotropic turbulent
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both frames pointing to the northern end of the major axid, a® for the total magnetic fiel® may therefore be expressed,

is given asl(Berkhuijsen etlal. 1997) based on Sokolbet al. (1998), as

By = B cos@) — Bysin(), oo ( f o <s(r)>th)l

By = [B, sin() + By cos@)] cos() + B;sin(), v .

By = - [Brsin@) + B, cosg)|sin() + B, cos(), X fv dV Po (&(r)wxn exp[Zi (0-81/12f neBy d")]

wherel is the inclination angle anfldenotes a component of the : 2 [ /
field parallel to the line of sight. x (exp) 21{0.814 , e di
The random fields, represented by their standard deviations

> 6)
Wxh

transform to the sky-plane as where the intrinsic, complex polarizatig?y is
) o _ (&(r) expl 2 yo(r) Dun
o2 = <[br cosg) — by sm(¢)] > Po = PowW(r) (D (7)
= o7 CoS(p) + o Sirf(9), The intrinsic degree of linear polarization of synchrotran
2 . 02 diation is taken app = 0.70. w(r) is the beam profile function of
Ty = <{[bf sin() + by COS@)] cos() +b; sm(l)} > coordinatges i_n t_he sky-planejs the synchrotron emissi\(ity, and
(o2 sir? 5 | 2 6] the quantity inside the expectation value angular bradketse
[(T' SI(g) + CO§(¢)] cos(l) + o sirt (). numerator of Eq[{7) is known as the complex emissiviyand
o-ﬁ - <{_ [br sin(@) + b, cos@b)] sin() + bzcos()}2> by are the mean and random magnetic field components along
the line of sight (G), ne is the volume density of thermal elec-
= [gf Siré(¢) + o'i co§(¢)] sirf(l) + o2 cog(l). (2) trons (cnT®), Yo is the intrinsic value of the local polarization

angley at positionr, and2 is the observing wavelength (m).

It follows from Egs. [1) and{2) that anisotropy is given by~ (...)wxn denotes volume averaging in the synchrotron source,
encompassed by the beam cylinder, whafis the area covered

% = 0F [coS(¢) + asirt(g)], by the telescope beam ahds the extent encompassed by a slice
5 o ([ ) within the beam cylinder which should be much smaller than th
g = o7 {[sir’(¢) + @ coS(g)| coS (1) + sir(l)}, scale height of the constituents of the magneto-ionic nradiu
2 _ 2 {[ai : Coordinatd’ is measured in pc along the line of sight with pos-
T =9 {[Sln2(¢) T CO§(¢)] sire() + COSZ(I)}' (3) itive direction pointing toward the observer withdenoting the
The intrinsic polarization angle in the presence of reguIQ pundary of either a synchrotron emitting region or a Fayada
fields only is given byl(Sokol et al 1998) screen closest to the observer.
The complex polarization is linked to thabservable polar-
o = i + arctar(Ey /Ex) ization quantities, the Stokes parameterd, U, as
2
which acquires an additional term under projection to the sk = pexp(2i¥)
plane to(Berkhuijsen et al. 1997) where
Yo = in — arctan{cos() tan@)] + arctar(Ey/Ex). @ p= Pl _ V(@ +U?

I [
With the inclusion of turbulent magnetic fields, the lastier and
in the above equation is modified and the intrinsic angle rex=
(seel Sokolff et al. {1998) and Appendix A of this paper for Yy _1 U
= s arctar{ < |.

derivation of this modification)

oB §y Pl is the polfariz_ed synchrotron intensity with = |#| the de-
(Yo) = 2” arctar{cos() tan()] + 3 arcta — X gree _of polarization, an@ anc_iU may be seento be the real and
- B, + 0% —0f) Imaginary parts of°, respectively, normalized by the total syn-
(5) chr(Ttron intensity = fv edV andV¥ is theobserved polarization
angle
which reduces to EqEK4) for the |sotrop|c case. Hence, ftin bo The foIIowing additional assumptions are used in the suc-
regular fields without any turbulence and for purely isoicapr- ~ ceeding analysis of depolarization:
bulence the same equation for the intrinsic angle applies.

i. The degree of polarizatiomand the polarization angleare
affected exclusively by depolarization mechanisms arising
from the difuse ISMwithin the galaxy itself.

ii. A sufficiently large number of turbulent correlation cells for
As a result of the assumption that the transverse and longitu bothe exp(2iyo) ande, denoted adly, is encompassed by
dinal components of the turbulent magnetic field are uneorre the telescope beam area in order to hdsterministic val-
lated, both the emissivity and the intrinsic polarizatiorgke ues for the complex polarization and, consequently, for the
become independent of the total Faraday depth which, conse- degree of polarization and polarization angle.

quently, leads to a decoupling of the wavelength-independéii. The beam profile function is for a flat telescope beam [ofi

and wavelength-dependeifiexts, and the complex polarization — with w(r) =1

3. The complex polarization
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iv. The variation of parameters perpendicularto the lingigifit
is negligible within the telescope beam.

v. The expectation value of the intrinsic complex polaimat

in a layer. A constructive feature of the complex polarizati
# is that it is anadditive quantity; the total combined complex
polarization from all layers is the sum of the complex pdari

(Po) is not a function of the line of sight coordinate, wheréons arising in each layer weighted by the fractional syotiion
Py is defined in Eq.[{7) above. In general, this assumptiantensityl;/I.
no longer holds if the equipartition assumption is invoked

as the longitudinal component of the total fi@genters the

scene and it may be a function of the line of sight coordinate

(see Appendikh).

For a multilayer system it may be shown by direct integrati
of Eq. (8) along the line of sight with appropriate boundary
conditions, that

N 1N L
7>=[Z @) Li) xZ(%)(ei)(fo exp
i=1 i=1

L
f [2i(081.2ngBy) — d 4*(0.81 (ne) by’ dl’}dl

z

|

(8)
N I 1—exp(—20-§Mi/l4+2iRi/12)
‘; Pod ¢ 203 A4 - 2iRA2
N
X exp{Zi [Z R /12] , (9)
j=i+1

where the per-layer total synchrotron emissigrhe total Fara-

day deptll R, and the dispersion of the intrinsic rotation mea-

sure (RM) within the volume of the telescope beagy, are
respectively given as

li =& L,

R = 0.81ng Byi L, (10)
oru, = 0.81(ng) by (Li d)Y/2, (11)
and where
Py = pott EXPVa)) (12)

(&)

is similarly given, as first introduced in Ed.(7), but now as
layer-dependent, averaged quantity. Theg, of Eq. [I1) will

be used in our modeling of wavelength-dependent depolari
tion due to isotropic and anisotropic turbulent magnetitd§e
in Section5.2. In so doing, we make the implicit assumpti

thatorm may be taken as independent of observing angle as fgf,
a purely random magnetic field. From Egl (9) we observe t%tg

wavelength-independent depolarization contributionyg beadi-

rectly appended to the terms expressing wavelength-depéng} ;o

depolarization as if they werdfectively constants.
The sum in Egs.[{8) and](9) is over independemiform

layers indexed by and N is the total number of layers in the

medium with theNth layer nearest the observery is the ini-
tial angle of polarization (rad), = }’; L; is the total path length
through the medium (pc),= >, |; is the total synchrotron inten-

Wavelength-independent depolarization

From Eq.[[I2) we observe that wavelength-independent depol
ization can only modify the intrinsic degree of polarizatim

%He presence of turbulent magnetic fields. It stems from a tan

gling of magnetic field lines in the emission region both glon
the line of sight and across the beam on all scales. Denot-
ing the isotropic, anisotropic, and isotropic with anisqic in-
stances of|(Pai)| /Po)) by (Wi)i, (Wa)i, and Wa )i, as well as

a generic wavelength-independent depolarizing terripywe

have [(Sokol€ et alll 1998)
K§—§+ﬁ—ﬁ

Bl

2 o 1/2
) +4BiB§]

(Wa)i , (13)

whereB. = B, + B.andB2 = B, + o2 + o (see AppendikA
for a derivation). The subscripté@ppears on the braces to in-
dicate that all magnetic fields occurring in the equationrape
resentative of a particular layer. Equati@nl(13) reducethin

isotropic case to
]i

When both isotropic and anisotropic fields are present iyerla
then

—2
BJ_

= (14)
'+ 2072

W|)i={
B

—2 2 _, M2
= [(BX “B o2 af,) ; 4BXBy}
(Wa)i = (_2 = ) =
B, +20?), B
i
a OxF0y
(15)

fith the occurrence of both isotropic and anisotropic tight

magnetic fields in the same layer, there is consecutive depol
ation by these fields as contained in Hqg.l(15). The two turbu
t fields are viewed as describing two spatially sepaiath,
ions in the galaxy that do not interact.

In the context of a purely random fiell = b, from Eq. [13)
observed that complete depolarization may be avoiddyl o
with ananisotropic random magnetic field

g,
(Wa)i = (—O_

Equation [[(I6) implies that the smaller thefdrence between

) , Ox # Oy. (16)

sity from all layers, andj is the diameter of a turbulent cell (pc)o-, anda, the nearer the turbulent field to being purely random,

! Faraday depth and Faraday rotation measure (RM) are egnuival

when the observed polarization andjtes a linear function oft> such
as in a medium where synchrotron emission and Faradayanotate

Iand the closer the signal to being completely depolarizedh®

other hand, the greater theffédirence between the standard de-
viations, the weaker the contribution of wavelength-inelegient

separated. They filer only when this linearity no longer holds as ford€polarization, and the closer the signal to its intringigrete of

a medium with synchrotron emission and Faraday rotatiorechixA
positive Faraday depth means that the magnetic field pantart the

observer. See Brentjens & de Bruiyn (2005) for further disicus
Article number, page 4 ¢f12
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is readily observed that there is no wavelength-indeperaken
polarization contribution, with{®i )| = po, in Egs. [IB) -[(Ib).
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5. Wavelength-dependent depolarization 5.2. Internal Faraday dispersion

5.1. Differential Faraday rotation Internal Faraday dispersion results from polarized signaler-
going diferent amounts of Faraday rotation both along the line
of sight and across the telescope beaithin a region of syn-
chrotron emission when the telescope beam encompasses many
SRirbulent cells.

Differential Faraday rotation occurs when emission frofiedi
ent depths in the emitting layer, along tkame line of sight,
experience dierent amounts of Faraday rotation due to the pr

ence ofregular fields. For a regular field onyB = B, Eq. [9)

become c 1998) For a purely random field3 = b, Eq. [9) becomes
N 2 - sinh(cZy, /14)
l; Sin R'/l ) R 2||Pw=t) = ), (Poi) L . exp(— O%Mv/l[l)' (21)
= Po Z TR exp|2i | Yo + —/l + ,Z:ﬁ Rj 4 Z RM. ) i
17)

In contrast to DFR, the intrinsic polarization angle rensaiom-
rTpletely undfected by any contributions to the phase from Fara-
given layer has an initial degree of polarization determibg day dispersion because such contributions by random fie&s a
the Faraday depth in that layer and that the signal’s iritrips- ZEro on average.
larization angle undergoes Faraday rotation Wi = R/2 Upon comparing Eqs[{17) and {21), it is apparent that the
in the originating layer an®M = R, in each successive layer ALin Eq. (I9) has been modified 66;_Sokbéx al.
which function as Faraday screens for the emission fronréay
deeper than themselves.

For the goal of this paper, the above equation is explicitly [1— exp(—20§M /14)}

Equation[[IV) shows that the polarized emission coming fao

expanded to a two- and three-layer medium. For a two-lay&r= (Ii/1)

system, with a halo between the disk and observer, this engiv 20 RM. At
by sinh(o3,, 24
= (;/1) M exp(— o ,/14),
Sm(Rd/lz) (0’ /14) RM;
(ﬂ) _ {!o ST i+ (% 1))
Po /21ayer I (Rad?) -
and that Eqs[{18) anf {R0) are modified to
3|n(Rh/12) (
L ——e on+ )
"R () = (Ao + (WA A
Po /21ayer

= (A% + A? + 2 Aq Ay €OS[2 Asgn + (Ra + R) /12]}1/2

(18) (ﬂ) = 2 (WAL Ay + (WA)g Ag.
3layer

Po
where
(vaz) A.fundz.ime.ntal physical chginge h_as _bediecﬂed; thg sing:
A = (/1) ——L = (/1) sinc(R /12). (19) function with its non-monotonicg-periodic zero-crossings in
(RA3) Eq. (I7) has now been replaced by a monotonically decreasing
o ) function of Faraday depth in Eq.(21) as the product bfjaer-
The subscripts = d, h refer to the disk and halo, an&lyan = polic sinc function with an exponential decay.
(Yod)—(Pon) is the diterence in the intrinsic angle of polarization
between the disk and halo. Equatibnl(18), in particularty
corrected form of the equation as it appearm. 5.3. External Faraday dispersion

(1998), and it was derived in the work lof Chadderton (201
The corresponding equation for a three-layer (halo-disloh
system, where the far and near sides of the halos are idkigica

]\)\'lhen polarized emission is modeled as arising exclusivenf
the disk, by having the halo devoid of any cosmic ray elecyan
two- and three-layer model approach to depolarization lveso

given by
degenerate since there is no longer a sum over depolarizatio
sin(Rh/lz) terms but rather a single term that describes the Faraday dep
(ﬁ) _ | {ezi [won+ (3 +Re) 2] | @2i(von+ %AZ)} larization contribution from the disk, together with thélirence
Po /3jayer I (Ra2?) of the near halo (nearest to the observer) on the polarized si
. 2 nal. In particular, the far halo, coming from a three-layedal,
+ lq Sm(Rd’l ) 2o+ (3 +Ry) 7] would be completely dormant in terms of polarized signaltiwi
I (Rg1?) only regular fields present in the halo, the halo contributitis
just a Faraday rotating phase term that does fiettthe degree
= (ZAﬁ{l + Cos[z (Ry + Ry) /12] } + A of polarization.
With the inclusion of turbulent fields in the halo, the halo
2 functions as a Faraday screen, contributing an externalasr
+2AdAn { COS[_ZA%“ * (Ro+Ri) A ] dispersion (EFD) term.External refers to the turbulent fields

1/2 between the observer and the source. Having both regular and
+ cos[z Argh + (Rg + Rp) ,12] }) . (20) turbulent magnetic fields presentin the disk and halo estbaiV-
ing DFR and IFD in the disk, together with EFD in the halo, and
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yields The corresponding equation for a three-layer system (with
far and near halos identical as in Hg.l(20)) is given by

~20%, A421R12)

(g) [P Tn| 1-el
Po /31ayer Po | ZO-EQMh/H - 2iRy12

D Pos) |1 —€XD (—zagMdﬂ +2i Rd/lz)
(E)EFD | o 202, A4~ 21 R

{ezi [Yon + (Ra+ Rn)A7]

X exp[Zi (de + Rh/lz) - Zo-ﬁMh/l“]

( 208, A442i Rd/lz)

+ eZi‘//Oh} (Poa) Id 2 (Woa +Raa?)
1- 26 2% 005(2 Rd/lz) + e 47wyt po | ZO'RM A% - 2iRg?
= Wd —Q —2Q)
2 2 1-2e " cosD h) 11+ cos(Cq + C
(~202, 1) + (2Rat?) :(zwz(lh) ( + ") |1+ cos(Cq + G |
> 4 | Q2+C2
X exp(—Zo-RMh/l ) (22)

w2 (Id) (1— 2e 4 cosC + emd]

A fractional synchrotron intensity terrfy/l does not appear ' Qé + Cg
since all of the synchrotron emission stems from the digk, (i. lglh, 2
lg=1). + WoWh 5" 2 GZ{{F’ —G} (—2A¢an + Ca)

For regular magnetic fields in the disk alone, along with tur-
bulent magnetic fields in the halo, the equatlon is the natur ! {F, G} (2Ayran + Cp)

reduction of Eq.[[2R) in this limit and is given by (Blirn 1966;+ & @3+ )| (F, G} (2Auch + Ca) + {F. ~G} (~2Auan + Cr) |
ISokoldf et all[1998)
— e[ {F, G} (2A¢an + Cq + Cn) + (F, -G} (~2Ayan) |

. 1/2
sin(RyA?
(E) = (—2) exp[Zi (¢0d PR, Rh/lz) 202, ﬂ“]l‘ [ {F, =G} (~2Aan + Cq + Cn) + {F, G} (ZAlﬂdh)]})
Po /erp (R41?) 2
S (25)
snR)
= W exp(_ZO—RMh/l ) (23) The symmetry properties of these equations will be reseimed
discussion in AppendixIB. The above equations explicitigvgh
the competition between the turbulent and regular fields thi¢
5.4. Depolarization from DFR with IFD orm andR strictly characterizing exponential decay and period-

icity.
We derive equations for depolarization arising from IFDwrec Figure[1 contains the depolarization profiles, with normal-
ring concomitantly with DFR from Eq[19). For a two-layer sysized degree of polarization plotted against wavelengtha fane-
tem (with a halo between the disk and observer as in[Eq. (18)jwo-, and three-layer magneto-ionic medium with DFR, IFD,
this is given by and DFR with IFD. The wavelength-independent polarization
has been assumed to b& @or illustration purposes. Its actual
value should be fit to observations at a small enough wavgieng
p Pog) g to make wavelength-dependent depolarizatideats negligible.
(E) = ' Po T With an increasing number of magneto-ionic layers modeled,
2ayer the DFR curve has complete depolarization occurring atneeg

205y A*+21Rg?

1—e(7

eZi(LDOd +Rd?)
208y, A4 — 21 Ry

( 202, A4+2iwz) sively earlier wavelengths. Comparing the IFD curve forra si
L Pon) In " ivon gle and multilayer medium reveals that the IFD curve pessist
Po 1 2‘TRM A4 - 2iRyA2 longer wavelengths and thus is ledieetive as a depolarizing

mechanism in a multilayer medium. The ‘jagged’ profile of the
{W2 ( ) (1 2% cosCy + & md] DFR curve in (b) relative to the smooth profile of (a) arisesr
I

02 +C2 there being two sinc functions withfiééring Faraday depths. For
d ™ ~d : ; ;
122 (1 — 26-% cosCr 4+ &2 a _three-layer system in (c), the halo _sm’c function alpnerelet
W2 (_h) [ h ] mines the DFR curve thanks to the disk’s small fractionalsyn
I Q2+C2 chrotron intensity, which accounts for the smoothness. @om
lglh 2 ing thelBurh I(1966) and_Sokdfcet al. (1998) result for DFR
+ WoWh 2 g GZ[ {F. G} (2A¢rgh + Cp) with IFD in a one-layer uniform slab (a), represented by tiie s
presence of a disk, with that in a two-layer medium (b) given b
e @+ M (E G} (2A¢gn + Cq) a disk plus a halo reveals that the presence of a halo supports

0 polarization at longer wavelengths. Similarly, DFR wittDifn
— €7 {F, G} (2Agn + Ca + Cn) a three-layer medium (c) with identical far and near sidethef
}1/2 halo undergoes a drastic change in profile, which more gfosel

e {F, G} (2Ayan) (24) resembles a one-layer halo polarization profile.

whereQy = ZO-%Md/lA' Qn = Z‘TEth/V" Cy = 2Rya2, Cp, = 2R, 6. Modeling example: application to M51

F = Q4Qn + C4Ch, G = QrCq — Q4Ch. The operatiodF, G} (a) We illustrate our method for the case of the nearby grandydesi
is defined agF, G} (@) = F cos(a) — Gsin(a). spiral galaxy M51, with its high galactic latitude bf= + 68.6°

Article number, page 6 ¢f12



1.0

C. Shneider et al.: Depolarization of synchrotron radratio

(g) one- Iaygr

0.81

0.6

p/Po

0.4r

0.2

i e Mo

O.GO

5 10 15 20 25 . 30 35 40

A (cm)

(p) twq- Iaygr

1.0

O.GO

5 10 15 20 25 30 35 40

A (cm)
Lo (c) three- layer
0.8
0.6
<
~ il
R k -
0.4 s
0.2} S
00 5 ) 5 20 25 30 35 40
A (cm)
Fig. 1. Normalized degree of polarization as a function of wave-

and with an inclination anglé = -20°. It is assumed that
the observed emission is exclusively from M51 because of the
high galactic latitude| (Berkhuijsen et al. 1997). We use the
Fletcher et al.[(2011) model predictions of a two-dimenaion
regular magnetic field’,, Bm(r) cos(m¢ — Br) for both the disk
and halo for a small region (a sector of radial siz2 Rpc and
azimuthal extent 20 of the galaxy. The turbulent magnetic field
in the disk and halo is three dimensional. We compare the ob-
served degrees of polarizationatil 3.5, 6.2, 20.5 cm with those
expected from dferent models of the depolarization for this bin.
The regular disk and halo magnetic field configurations in
cylindrical polar coordinates are

Br = Bosin(po) + B2 sin(p2) cos(2 - B2),

B, = BoCos(po) + B2 cos(2) cos(2 — S32),

Bz = O,

Br = BnoSin(pnho) + Bh1 Sin(pn1) COSE — Bni),
Bns = Bno COS(Pno) + Bn1 COS(Pn1) COSE — Sna),
th = O,

(26)

wherepp, is the pitch angle of the total horizontal magnetic field,
Bm the azimuth at which the corresponding nar= 0 mode is
a maximum, andh denotes the component of the halo field. The
parameter values are given in Table 1. For anisotropic fields
the disk,a has been measured to be83 (Houde et dl. 2013)
while for the halo anisotropic fields it is expected to be kbss
the disk value owing to weaker spiral density waves aridi
ential rotation in the halo. In our model, the anisotropictéas
for the disk and halo are@and 15, respectively.

Tabld2 shows all the possible model constituents. The model
types are constructed based on the following considerstion

i. The total synchrotron intensity (I) increases with theliad
tion of turbulent fields since the ensemble average of the
square of the transverse turbulent magnetic field component

is non-zer <bﬁ> # O). This is also why the total intensity
would be non-zero in the absence of any regular fields.

ii. Root mean square (rms) values are used for the field
strengths of the individual components of the turbulentimag
netic fields in the disk and halo. The strength of an individ-
ual square component of the fiehﬂ with k = {x,y, ||} is ob-
tained by substituting far? in Eq. (3) the normalized input
isotropico? or anisotropiar field strength ag? = 02/3
for isotropy @ = 1) ando? = 04/(2 + a) for anisotropy.
For completenessr; = ao?. The anisotropic normaliza-
tion factor in the galaxy plane is conserved upon projection
to the sky plane.

iii. The diameter of a turbulent cel; in the disk or halo is

approximately given by (Fletcher etial. 2011)

2/3

D orvp

o= 0.81(ng) by (L)¥/2] ~

(27)

length illustrated for a one-layer (a), two-layer (b), #Hayer (c) sys-
tem with characteristic profiles for DFR only (black solidifD only
(blue dashed), and DFR with IFD (red dotted). A total isotcdprbu-
lent magnetic field strength of(B5 together with a total regular mag-
netic field strength also of G has been used in the disk and in the
halo. The parameters of, n, L, d, @ used in the construction of these

with ormp denoting the RM dispersion observed within a
telescope beam of a linear diameleE= 600 pc, andrryv.p
has been fixed to the observed value of 15raé.m

Figure$ ® £B constitute a snapshot, at a physically reasenab

p|0ts are the same as those for the examp|e bin of Sdation Ghaind set Of magnetIC f|e|d Va|Ues fOI’ the d|Sk and ha|0, Of a” O-bsel’

values are reported in the bottom panel of Table 1.

vationally motivated combinations that may be used to cairst
field values for our example bin. The particular magneticfel
underlying these figures involve a total regular disk and hal
magnetic field strength of#G each, an isotropic and anisotropic
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Table 1. Parameters used to model the synchrotron polarizatiorfalata
an example bin in M51 located in the innermost radial ring (23.6
kpc) at an azimuth centered on 200

Two- layer system

1.0,

— DH
— DIH
- - DAH
- DAIH
— DHI

Disk Halo - - DHA
- DHAI
Mode ratiosBy/Bo = (~33)/(—46) Bny/Bro = (76)/(23) < . orim
Ny DIHA
IS
Pm[°] Po = —20,p2 = =12 pno = 43, pn1 = —45 o
— DIHAI
Pl’] B2=-8 Bn1 = 44 o
- DAIHA
Ne [cm™3] 0.11 001 — DAMA
Ner [cm™3]" const. const.
L
[pc] 800 5000 Fig. 2. Normalized degree o_f p_olarization as a function of \{vavgdleng
d [pC]** 40 240 for a two-layer system description of M51. The measuredrzaton

values for a sector with an azimuth centered at°liBOradial ring 1
(2.4 - 3.6 kpc) at the three observing wavelengfiast 3.5, 6.2, 20.5 cm

@ 2.0 15 are displayed with error bars. All model profiles featuredenbeen
constructed from among the following set of magnetic fieldstotal
Notes. The fitted model parameters appearing in the upper panel fegular field strength of G in the disk and in the halo, an isotropic and
the regular magnetic field of Eq_{126) are adopted ffom Flstehal. anisotropic disk turbulent random field of G each, and an isotropic
(2011) with central values reported only. The thermal eteciden- and anisotropic halo turbulent random field gfG each. Please consult
sity (ne) and path lengthl() for the disk and halo are gathered fromrable[2 for nomenclature and description of the model typeearing
Fletcher et al. (2011); Berkhuijsen et al. (1997). in the legend.

) The cosmic ray density is treated as a constant of propatitgrbe-

tween the synchrotron emissivity and the square of the tatabverse
magnetic field 4G) ase = cB? with constant = 0.1. Three- layer system
™ The turbulent cell sized in the disk and halo is obtained from 1.0 ‘ ‘ ‘ ‘ ‘ ‘
Eq. [27) with an RM dispersionmryp fixed to the observed value of
15rad m? within a telescope beam of linear diamef@r= 600 pc.
The rms value for the strength of the turbulent magnetic fiddtg the 08E==3
line of sightb? = o has been assumed, where the valueofpis ob- A\

tained via consideratio i) witb-? = 02 = 10uG in the disk and
o? = 0% = 3uG in the halo.

disk turbulent random field af? = o3 = 104G for a total disk
random field of about 14G, and an isotropic and anisotropic 0.2
halo turbulent random field af? = o4 = 3uG for a total halo ‘
random field of roughly 4G. These total turbulent disk and halc 2 .
magnetic field strengths are used to compute the disk and 0.0 B 10 5 20 25 30 35 a0
turbulent cell sizes of 40 pc and 240 pc, respectively. A (cm)

Fig. 3. Exactly the same model types and physical parameters as used
6.1. Generalized opaque-layer approximation in Fig.[2 above but now for a three-layer system.

We applied a generalized version of an approach, which was

used by Berkhuijsen etlal. (1997) to provide an approximate dhe halo as RM= &3 RMy + &, RMy,, where 4, &) parametrize
scription to IFD, in order to predict depolarization valuss the disk and halo fractional RM contribution to the total ob-
the three observing wavelengths for M51 and test a method $@rved RM. The& parameters depend on the scale heights of the
parametrizing the depolarization, which is most signiftairthe synchrotron disk and of both the thermal disk and halo and on
1205 cm observing wavelength. The opaque-layer approxinthe relative depolarization between thé&elient observing wave-
tion was defined by Sokofbet al. (1998). It assumes a thermalengths. There may be a variation with radius as well. Inipart
disk with uniform scale heighlty,, a synchrotron disk with a ular, the¢ parameter values aft 3.5,6.2 cm are close to unity,
wavelength-dependent, uniform scale heiglt, and a thermal which implies that there is hardly any change to the actued+a
halo. Sincehgn > hu, there is a narrow layer of synchrotrorday depth at these two lower wavelengths.

emission extending into the thermal halo. With the assumnpti  [Fletcher et dl.[(2011) used the opaque-layer approximation
that only the nearest part of the synchrotron emitting lagerto suppress Faraday rotation by the disk at the longest wbser
visible due to depolarization, Berkhuijsen et al. (1997jneate ing wavelength, while both the disk and halo Faraday rotze t
the contributions to the rotation measure from the disk aochf emission at the shorter pair of observing wavelengths. As we
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Table 2. Model settings for Fig$.J2[Z]4 based on regular and turbule

magnetic field configurations in the disk and halo. (a) One- layer system

1.0,

— DI
||a & DI%x
X X

Disk Halo
Iso. Aniso. Iso. Aniso.

DIm *
- DA
. DA%
1] DAI
¢ ¢ DAl %

®
@

DH
DIH
DAH
DAIH
DHlI
DHA
DHAI
DIHI
DIHI m
DIHA
DAHI
DAHA
DIHAI
DAHAI
DAIHI
DAIHA
DAIHAI
D

DI

DI %
Dl m %
DA

DA %
DAI
DAI %
Dhl
Dilhl
DIhl m
Dlhl %
Dihl m %
DAhI
DAhI %
DAIhI
DAIhI %

v

/Py

v
v v

SN

25

1o (b) Faraday screen systgam

— Dhl

— DIhl

| Dihi m
s a DIhl %
< Dihl M *
-~ DAhI
- DAl %
“““ DAIhI

¢ ¢ DAIhI %

SNENEN
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SN NN

Fig. 4. Normalized degree of polarization as a function of wavetleng
with the same physical parameters and nomenclature assiZ-andB.
(a) One- layer system with a synchrotron emitting and Faraotating
disk only. (b) The disk as in (a) but now with a halo that is oRraday
rotating.

x&&x&&x&&x&&x&&&&x&&x&&x&&x&&&&&xxg

SN NN NN

SN
SNENENEN

Notes. The three column headings below the principle headings of - ) o
the ‘Disk’ and ‘Halo’ denote the regular, isotropic turboie and Berkhuijsen et al. (1997), but the relative depolarizatios de-

anisotropic turbulent magnetic fields. The rows contairstinig of all termined from the Fletcher etlal. (2011) data. The genemdliz
model types simulated with the following nomenclature: tEnotes opaque-layer approximation may be combined with the assump
disk magnetic fields, ‘H’ and ‘h’ both denote halo magnetitdie ‘I’ tion that all wavelength-independent depolarizatifiees are
and ‘A’ are the isotropic and anisotropic turbulent magnélds,m calibrated by observations of polarization at the lowesteob-
represents the use of th&.5 cm observations to gauge the wavelengthng wavelength oft 3.5cm [Berkhuijsen et dl. 1907). Comparing
independent féects, and denotes the use of the generalized opaqugsy 7(a) with Fig[3i(b) indicates that the presence of auurb
layer approximation to describe the contribution of intdifFaraday dis- lent magnetic field in the halo is required together with tbth

persion (IFD) (in the disk) to depolarization, as detaile®ectiof 6.11. . -
Upper case letters ‘D’ and ‘H’ and the lower case ‘h’ are usedistin- wavelength-independent gauge and opaque-layer approama

guish between the presence or absence of a regular mageéditnfa.  IN Order to have the best chance of fitting the data for the phys
given layer, respectively. The row ordering follows the mbiype or- ically plausible regular and turbulent magnetic fields eied

der as in the legend of Fids. 2 aid 3 for the top panel and theigdd  for the disk and halo.

for the bottom panel.

7. Discussion and conclusions

are dealing here with a Faraday screen system, we implemene dfectiveness of the method in generating a range of models
either of Egs.[(22) of(23) and substitute the Faraday dBpthfor the difuse ISM in M51, in terms of the number of magneto-
in Eg. (I0) by the RM values from_Berkhuijsen et al. (11997)onic layers modeled and type of magnetic field species eccur
To determine the depolarization as predicted by this apprax ring in the disk and halo, is illustrated in Figs. PI- 4 for our e
tion at the observing wavelengths, the scale heights ofythe sample bin. With typical parameter values as in Table 1, ome ca
chrotron disk and of both the thermal disk and halo are used frimmediately rule out models with regular fields only in theldi
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or in the disk and halo, in agreement with ubiquitous obsen@ducing certain physical parameters of the magneto-iondinme
tions of turbulent magnetic fields in spiral galaxies. being analyzed from its polarized emission.

Even though the modeled magnetic field strengths can be We have shown that various models of depolarization in the
varied for individual models in order to match the data vajuedisk and halo give widely diiering predictions for depolarization
the variation in the degree of polarization predicted byrtirege  at various wavelengths, making them a useful tool for edtima
of models is much greater than the errors in the observed & the disk’s and halo’s regular and turbulent magneticdéel
gree of polarization. This gives confidence that obsermatike Our method incorporates depolarizinfeets in the disk and

these can indeed be used to rule out at least some of the depéi@lo directly and allows for simultaneous depolarizationti-
ization models. butions from DFR and IFD. We also treated depolarization due

: . isotropic turbulent fields, albeit with simplifyingsasnp-
These models contain many potentially free parameteﬁ%,amso , ; : !
which will mean the optimum solutions will be degeneratayho ions described earlier. Modeling the disk and halo as both a

ever many of the parameters, specifically those in Tablert, ¢Y/0- and three-layer synchrotron emitting and Faradatirga
be constrained using prior studies. The remaining freerpasa system allows for the depolarization contribution of thedale

ters are the regular field strengths and isotropic and anjsiot .Of the h_an to be e_xammed. A model of the gal.axy’s reguladﬂe]
turbulent field strengths, both in the disk and halo. is required as an input. The multilayer modeling approadh wi
For these values to, be well determined. dfisient num the inclusion of anisotropic turbulent magnetic fields isirfd

; to be a more suitable prescription for the data. For the fye
ber of data points are needed. For the data el@ktem where the halo functions as a Faraday screen, the@pag
), containing only three wavelengths, data in one hig o

i ’ X _elrﬁi@/er approximation may work under certain circumstanbes,
(as shown in Figs]2 E]4) cannot constrain the magnetic figldhs vays. This may be due to oversimplification of the model

strengths sfliciently. However, some additional assumptiongndOr a lack of a synchrotron halo in the model.
about these field strengths can break the degeneracy. For €XOur method is more robust than the opaque-layer approxi-

ample, we show in Paper Il that the assumption of magnefig,ion hecause it is based on more fundamental physicatpara
. . > ENOUGers of the galaxy rather than on a wavelength-dependant sy
constraints to determine the regular and turbulent magifield ., scale height parametrization. We modeled fieets of
§trengths. With the broadband_capabllmes of most cumastip wavelength-independent and wavelength-dependent déola
mterferomete_rs, these depolarlzatlon_ CUIVES can be.w tion directly, which allowed for a statistical comparisoitiwthe
tremely well in wavelength space, with higher sensitivitils - 1a1i7ation maps at the observing wavelengths. Thkerint
allowing actual tracing of these depolarization curves. models provide dierent enough results that existing multiwvave-

Throughout the paper, we have assumegh@f 70% cor- |ength observations of nearly face-on galaxies can distiig
responding to the theoretical injection spectrum for etew® petween them.

accelerated in supernova remnants,{ = —0.5), as represen-
tative of the synchrotron spectral mde.x"/_” in th_e splral_arms for his generous time and most supportive supervision. @BNid acknowl-
of M51 iEIeIthLel_dL_ZQll) For realistic, optically thistro- eqdge the support of research program 639.042.915, whichrily financed by
physical plasmas, such as disks and halos of galagieg®nges the Netherlands Organization for Scientific Research (NVWB)and AS thank
from 60%080% (Ginzbura & SVI’OVatSkij_l_%S, Section 3_3)ghe Leverhulme trust for financial support under grant RP@-0Ne are grate-
lELelghﬂLel_dlL(ZQ:Ll) estimated a constayuf 76% across M51 ful to the anonymous referee for the prompt and most helpfuhroents and
(agn = —1.1) but observed variations in this value. This woulau(‘w’es“ons for strengthening the paper.

syn — -+ .
imply that our current reported values pfpp at the three ob-
serving wavelengths are, on the whole, 8% higher than the ex-
pected polarization value. However, this overestimaterialls ) o ]
compared to the 208650% margin of error in the observationgAPpendix A: Derivation of wavelength-independent
at each of the three observing wavelengths. With better data depolarization equations for standard and
having errors of only a few percent, the spectral index mdps 0 equipartition scalings of emissivity
[Eletcher et dl (2011, Fig.7) would have to be binned in tmeesa

Acknowledgements. CS would like to express his gratitude to Huub Réttgering

way as the polarization maps, and the resulfigyalue per bin We derive the results of Sokdfcet al. (1998) for wavelength-
would have to be used. independent depolarization to explicitly show how the eerr

In general, an anisotropic field has a higher degree of polﬁf-ond'n.g equations arise for tW(ﬂid!re_nt s_ca!mgs oflem!sswlty
ization than an isotropic field when comparing fields of equ°"9 with the independence of the intrinsic polarizatiogla
total strength. The greater the anisotropigerm, the higher 0™ these scalings. We also correct wo slight errors irfdine
the polarization. The anisotropic and isotropic turbuleorn- mula forem_|SS|v_|t_y given in Sokolbet al. (1998) for the case of
ponents are presently modeled as yielding two independent gnergy equipartition. . .
polarization contributions in separate parts of the mediith For a total magnetic field that is purely a regular (mean) field
the strength of IFD determined by the total turbulent fiel® = B, the complexntrinsic (hence wavelength-independent)
The next step in modeling would be to include an anisotrop®larizationPo; per layer is given by

random component in the complete medium and to modif .

orw to reflect an angular dependence in the presence of é@= Po exp(2iyoi) . (A.1)
anisotropic field. Moreover, if a non-constant spectraleid ) o o )

were to be considered, then thieet of (spatial) spectral varia-Wherepo is the intrinsic degree of polarization, ang; is the
tion on polarization would have to be <';1ccountedm‘96'n"[IaI polarization angle per layer

Gardner & Whiteogk 1966). The purpose of this work is not to In the presence of a turbulent magnetic fib|dhe total field
arrive at exact equations for depolarization that are abiledor- becomesB = B + b and, together with a shiciently large
porate the ffects of a greater number of depolarization mechaumber of correlation cells encompassed by the telescogma be
nisms but rather toféer a useful approach to modeling and dezylinder, the volume average in the synchrotron emittingree
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becomes equal to the ensemble average via the ergodic leypotravelength-independent depolarization as in Egl. (13) anid a
sis, andPg; is modified from the above Eq.(A.1) to what is giverEq. (19) of Sokold et al. (1998).
by Eq. [12)

(i exp(2iyoi))
(&i) '

whereg; is the synchrotron emissivity and. .) denotes ensem-

ble averaging. This expectation value entails computingua o oy — o

moments of the total magnetic field components. whereB, =B, + B, B? =B, + 0% + 07.
To determine how the intrinsic polarization valpghas been The intrinsic polarization angle is also modified and ob-

modified, in éfect, by the presence of turbulence to a layer deained from the ratio of imaginary to real parts of the ex-

pendent valugq; (po itself remains constant and equal td)) pectation value of the complex emissivity via @) =

the quantityl(Pai)| / po has to be evaluated. Im ((Eq. (A3)) / Re({Eq. [A1))) and is therefore given by
Assuming that the total magnetic field is a random Gaussian

(Poi) = Po (A.2)

=2 =2 5, N\ 2 12
o (BX— By+0'X—0'y) + 4B.B,
ol
Po B2

variable, a Taylor expansion of the moment-generatingtfanc 1 1 2B«By

M for a normal or Gaussian distributed random variablde- (%0 = 57 + 3 arctar| ——— A (A.6)

fined as B~ By +o%-oy)

My () = exp(sN L 12 sz) (A3) 8s in Eq. [[5) without the sky-plane coordinate transforomati
5 .

term and as in Eq. (20) of Sokdiet al. (1998).

is performed abous = 0 to yield equations fom,, then® mo- With the energy equipartition and pressure equilibrium as-

ment ofMy, at eact™ derivative of the function. Thereforey, sumptions the c_o_smic ray num_be_r density scalegc.a& B2 if
is to be ide,ntified With(X™) the energy densities of magnetic fields and cosmic rays ane co

pletely correlated, and the scaling of synchrotron emiigsivith

The explicit computation of moments &y in Eq. (A3) magnetic field becomes

may be explained as follows. For a given layevhether disk or

halo, substituteX by the successive components of the total field — ¢ g2 g2. A7
. . . . | 10 ( . )

B, which is a random variable because it is the sum of a regular _

and random variable, and replaswith appropriate instances ofwith a certain constar@, therefore

the three spatial directions in Cartesian coordinaigsz. Then . _ 202 o2 o

identify u as an instance of the me&q, , ando? as an instance & eXp (2iya) = CBY(By — By + 21 By By). (A-8)

of the variand@o, of the corresponding componentsiof  \yhereB? = B2 + B + B2. The intrinsic polarization angles are

For completeness, the first through fourth moments are unaffected by the rescaling of emissivity since the constant term
M = CB? cancels out, exactly like theterm, in arriving at Eq[(A6).

’ In addition to the first two moments, the third and fourth mo-
mp = 12 + 02, ments of the fieldBy with k = {x,y,2Z in[A7, [A.8 must be

_ .3 2 computed.
= + 3 s
ms ’u4 #4(7 ) 5 Consequently, the absolute value of Eq. {A.2) transforms to
mg =y +30" + 6u“oc”.
(Paidl _ -1

R2 R2 4 4 52 2, /2 2
For the case of a purely random fiejd,= 0 leaving only the P [BZ Bl + Z(O'x + O'y) + 4(Bx0'x + Byo'y)]
even (central) momentsy, andmy. For the case of a purely

regular field,c- = 0 and the four moments simply reduce to the X {[Ei - E;,l + 3(o-§ -~ 0-3) + 6(§)2( o Eﬁ o-f,)
first through fourth powers of the mean field. 12
. ... . —_— —  —\12 — 22— 2
Assuming that the emissivity per layiescales as + Bﬁ(Bi _ B§)] + 4BiB§ [82 + 3(0_)2( " 0-32,)] } ,
& =CcB?,, (A.4) (A.9)
the complex emissivity is, therefore, given by where the righthand side of the above equation is to be tagen p
. .. . . - =2 - 5 5
_ P S S individual layeri, disk or haloBf = By + ot andB? = B} + Bf.
&1 exp (2iyoi) = ¢(By — By + 21 By By), (A-5) Isotropy is now given byry = oy = o = o. The form of

. 2 . Eq. [A9) would then imply the corresponding modification in
whereB,; = By + By, BY; = |BLl* = B} + B}, andcis a Egs. [I3) -[Ib). The simple multiplicative relationshipveen
constant depending on the number density of relativisITgo e wavelength-dependent and wavelength-independent s
ray electrons\,.. Taking the square of each of the two eqU'Vale%presented in EqLI(9) would continue to hold only if no depen
representations of a complex numizexs given byRexp(i6) = gence on the line-of-sight coordinate arose.
z=Xx+ly,withR=|x+iyland tar® = Im(2) / Re(2) = y/xand
identifying the coordinates, y with By;, By may serve as an aid
in arriving at Eq.[(Ab). Appendix B: Symmetries and equation properties

The absolute value of Eq_{A.2) with the emissivity scal:

| . . : . _
: : : : Symmetry considerations are appropriate for discussiahen
ing of Eq. [A.2) therefore yields the following equation fibve context of depolarization. Layerdering and line-of-sight mag-

2 The variance of a complex random variableis given by o2 = netic fieldreversal are two distinct symmetries that arise in our
(X = (X)) (X = (X*))) = (XX*) = (X) (X*), where the asterisk modeling. Layer ordering involves a reflection of the phys-
denotes the complex conjugate. ical system or the placement of the observer at the opposite
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end of the originally oriented system. For a two-layer mediu
this simply involves an exchange of the indethat also causes
AYgn — —Aygn. For a three-layer system, with identical far and
near sides of the halo, reflection is automatically satisfiear
magnetic field reversal along the line of sight, only the clien

of the line-of-sightegular field has to be reverse®, — —B,, in

all layers at once, since a change of sign for turbulent fibéds
no dfect on polarization.

With only DFR present, the equation for depolarization in a
two-layer system, given by Eq._{118), indicates that the gumes
of the Ay term breaks each of the ordering and reversal sym-
metries but that symmetry is preserved only if both layeeord
ing and field reversal are applisdnultaneously. A three-layer
system remains invariant under field reversal as apparemnt fr
Eq. (20).

IFD occurring with DFR changes the previously encountered
symmetry properties for DFR alone in terms of layer ordering
and field reversal for a two- and three-layer system. In padti
lar, it is always the cross terms (which mix the layers) that d
termine these symmetries. A two-layer system given by[Ed). (2
remains invariant under the line-of-sight regular magnéid
sign inversion only when the disk and halo intrinsic polatian
angles are equal{/q, = 0) just as for the two-layer system with
DFR alone. However, the IFD ‘carriet’ry terms break the pre-
viously achieved layer ordering symmetry so that the tweeta
system becomes sensitive to whether the far or near sideeof th
halo is switched on alongside the disk. For a three-laydesys
given by Eq.[(Zb), the presence of IFD now imposes the extra
condition that the disk and halo intrinsic polarization Esgnust
be equal in order to have the field reversal symmetry as for the
two-layer system. For a Faraday screen system[EL. (22jmema
symmetric under the reversal of the total magnetic field direction
along the line of sighB, — —B,. When the symmetries are bro-
ken, the amplitude and period are only slightffeated for our
example bin. Both of the three-layer E4s.](25) (20) dorata

non-trivial(1+ cos(2 Ry + Ry) 42)) term that contains the com-

bined actions of the disk and near halo regular fields anésris
from the near and far sides of the halo being set identicailaé
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