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FARADAY ROTATION MEASURES...
THEN (Oren & Wolfe 1995)—499 sources
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region A. This region is roughly coincident with Loop IT of the
Galac radio continuum. wh cved to be duc to a shell
of gas surrounding a nearby = 100 Pc) hot bubble in the inter-
stellar medium (Elliott & Meaburn 1970 rkhuijsen,
Haslam. & Salter 1971: Vallée 1982). Recemntly WVallés (1993)
derived a magnetic ficld strength of 17 oG in the shell material
from the SKEB RM data. which is consistent w
' ambient interstellar magnetic  ficld

P
and therefore are not useful for determining R M.
Th

cse qualitative obscervations sugzcst a method of estimmat—

2 the GRM for a given line of sight: average the RMs of

ncarby sources. excluding the aberrant RMs mentioned in (4)
Howewver, it 1ill necessary to define what we mean by

and what we mean by - aberrant.” We consider the

We wish to exclude RMs which are apparently not drawn
from the samc RM distribution as thecir necishbors. We adopt
the following prescription, milar o thar  of Simard-
™Normandin, & Kronberg (1 980)_ for each source 'm the SK B
catalog we find the average and standard deviation of sources
in  its neighborhood (w il make our definition of
o - Cnplicit Below). If the sourec is differemne From
the S!Anddrd deviation,

we remowve 43 sources from
the 542 sources in Figure 2. The resulting — cleaned ~ RM sk
o F

map is presented Eurc 3.
We now set out to further quantify the previously mentioned
trends using the “clecaned ~ SK B data. e histograms of the

RMMs in latitude bins 07207, 207 — 407, 40— 607, @and GO —0" are
plotted in Figure 4. The Gaussian Sismas of fits to these dis—
tributions are 4t 21, and 14 =] Z. respectively. Fromm
the distribution in the 60-_90° latitude bin we imfer that the
t)p]cal obscrved cxtragalactic RM is no srcatcer thanm 14 rad

in amplitude. Thus the GRM is the dominant compoment
OF the Ghocrved KM for most sources with 15 | o= 205 The R
below | &1 20° arc so large that sources at such latitudes arc
useless for R M studies or this reason we have included oniy
sources with | & > 207
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shown. Note that all of these large RMs are in the lowest latitude bin.

Let us now consider what is meant by
determining the GRM for a position. it is des
as many RNMs as possible in order to oblain a robust average.
The mcan density of sources in the “clecancd ™ SKB samplc is
only one sou

several
the position of interest which is tens of degrees
visual inspection, it appears that RNMs are corre]sled owver such
scalcs. so a recasonablc 1d blc. We rcefer

Fia. 3 R Ms of the 499 extragalactic sources of the — cleaned
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and NOW (Taylor, Stil, Sumsrum 2009): ‘best guess’
RMs for 37,543 NVSS sources. That’s more than one per
square degree! The angular resolution is comparable to
the WHAM (Ha) and LAB 21-cm line HI) surveys!
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What we saw in the first two:

--RM structures lie near morphologically
similar HI and Ha structures.

--HOWEVER, the RM structures seem
OFFSET IN POSITION: they don’t lie on top of
either the HI or Ha.

--Many HI and Ha structures are
morphologically similar, but are also OFFSET IN
POSITION.

WHAT’S GOING ON?



The Story has several
aspects. An important
one is:

The Warm Partially
Tonized Medium



Current View: The Four Phases...and the PZia78:)

HIM:
T~2x106 K
/ xe = 1; Collisional

WIM:
T~0.8x104 K
/ xe = 1; Stellar UV

30

WPIM:
» _ T~05x104 K
0o | x Hag , P xe ~ 0.1 —-0.9;
Soft XR (from HIM),
S =y 7 Stellar UV

WNM:
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The WIM is starlight photoionized, xe~1.0, like HII
regions. Starlight comes from the Orion association; the
photons travel unimpeded through the HIM in the

superbubble interior. High Emission Measure
(EM =[ne Ne]), hence high H-alpha (WHAM) visibility.

Traveling outwards, the starlight photons get used up
producing the WIM. Then the X-Ray photons from the
interior HIM take over, producing The WPIM with
smaller ionization fraction, probably xe~0.5 +/- 0.45.
When they’re used up, we have the CNM.

The " "Local Interstellar Clouds” (LIC — Redfield &
Linsky) are WPIM, with xe~0.5.



1977Ap)...218..148M Page 159 http://articles.adsabs. harvard.edu/full/gif/ 1977 ApJ...218..148M/000015...

(M/0 1977) * IONIZATION AGENT:

No. 1, 1977 THEORY OF ISM 159

A SMALL CLOUD

T = 45x10%K
n = 35x103em®
x = 1.0

Collisional

WM
(T=8,000 K
n=0.37 cm3
x=0.15

WimM
T=8,000 K
n=0.25¢m™3

Fio. 1 FiG. 2
FiG. 1,—Cross section of a characteristic small cloud. The crosshatched region shows the cold core, which gives the usual optical
absorption lines, Next is the warm neutral medium (WNM) with ionization produced by soft X-ray background. The oyter la;
(WIM) is gas largely ionized by stellar UV background. Typical values of hydrogen depgity m, temperature T, & jzation
x = n,/n are shown for cach component, except that a higher than average value of the sofRCX-ray flux has been assui
to produce a significant amount of WNM at this pressure.

F16. 2.—Small-scale structure of the interstellar medium. A cross section of a representative region 30 pc = 40 pcin extent is shown, l ® [
with the area of the features being approximately proportional to their filling factors. A supernova blast wave is expanding into the
region from the upper right. The radius of the neutral cores of the clouds (represented by crosshatching) ranges from about 0.4 to °

1 pe in this small region; all the clouds with cores have warm envelopes (dotred regions) of radius au ~ 2.1 pe. A few clouds are too
storted.

Cosmic Rays, Soft X-rays

|

small to have cores. The envelopes of clouds inside the SNR are compressed and

compensate for it in the previous work in this paper by simply decreasing the assumed supernova energy Eg; by
~30%,, a change which would have negligible effect on any of the calculated quantities.
b) Warm Neutral Medium

We estimate from Chevalier's (1974) calculations that soft X-ray photons in the energy range 40-120 eV (hv =
60 ¢V) are produced in amount e, = 1.1 x 10785 _ £, photons em~ 5!, These will penetrate through th

—200 pc —
‘ e % L

Soft X-rays, Cosmic Rays

Cosmic Rays, C+

L

A LARGE SCALE VIEW
Fio. 3.—Large-scale structure of the interstellar medium. The scale here is 20 times greater than in Fig. 1: the region is 600 x
800 pe. Only SNRs with R < R. = 180 pc and clouds with @, > 7 pc are shown. Al'ogcter about 9000 clouds, most with @, ~
2.1 pc, would occur in a region this size.
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Let’s zoom in on the
Radio Loop 3 vicinity...















Let’s do some numbers...

RM = 0.81 n(e) B|| L rad m-2
EM = n(e) N(e) L cm-6 pc
so [RM/EM] = 0.81 [B|| / n(e)] .

We see ARM ~ 100 rad m-2
AEM ~ 2.0 cm-6 pc

We can combine these and make a
model:



Assumed Distance= 200 pc
n(e) = 0.10 cm-3
2n(e)T=1650 cm-
B=7.6 pG
P=16400 cm-

n(e) ~ (1/Assumed Dis
B ~ (1/Assumed Dist)

88|pc

11ﬁ7 pC




Before going ahead, let’s consider a puzzle:

EM ~ [ n(e) n(e) dl = N(e) n(e)
RM ~ [ n(e) B| dl = N(e) B||

With flux freezing, and perpendicular shocks, we have
B ~ n(e)

(and, with parallel shocks, B is independent of n(e)). So, for a
given column N(e), as n(e) increases we should have

A(RM) ~A(EM) for perpendicular shocks, or
A(RM) ~ 0 for parallel shocks

So how can A(RM) ever be bigger than A(EM)?



The Answer must lie in:
EM ~ [ n(e) n(e) dl = N(e) n(e)
RM ~ [ n(e) B|| dI = N(e) B| Q</

i.e., in the DIRECTION of B||, Nothing illustrates this better
than the

Orion/Eridanus Superbubble.
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The “bottom part” of
the superbubble. Top
panel is WIM (Halpha);=
Bottom Panel is
WNM/CNM (21-cm).
NOTE THE THREE
RECTANGLES!

GLAT

Inside (IN)

(EDGE)

Outside (OUT)

GLAT




Let’s do some number S...

We see A(RM) ~ 60 rad m-2
A(EM)20 ~ 1.4; (B||//me~1.7 nG-
cm3)

If PWIM~4000 cm-3 K, then ne~0.25
cm-3 and

L~740 pc, B|[~0.4 pG
11 TOTALLY UNREASONABLE!!



Much more reasonable:

B|| = 10 pG (same as from HI Zeeman
splitting in the vicinity)

ne ~5.9 cm -3

L~30 pc

PWIM~94000 cm-3-K

Btot = 20 pG, Pmag= 100000 cm-3-K

P seems large, but it is comparable to hot
gas pressure inside the bubble.



EM Histograms

EM Histogra indxofftop

10 |-
sk
S 6fF
=
= 4E
2
ok
o 2 4 6 8 10
EM, cm”{—6} pc
RM Histogram, indxofftop
6F 7 3
sE E
a4F A
=
Z s -
=
2FE E
1 E
ok 43.5
—100 —50 o 50 100
RM, rad/m~"2
EM Histogram, indxon
P =
s E
P 4 3
= 3 E
=
2 E
1 E
o
4 3 8 10
EM, cmM{—6} pc
RM Histogram, indxon
1sb 3
— 10f B
=2 L ]
= L ]
—100 —50 o 50 100
RM., rad/m”~2
EM Histogram, indxoffbot
=
=
=z
2 4 [ 8 (1]
EM., cm”™{—6} pc
RM Histogram, indxoffbot
12 |
10|
= 38F
= °F
a4 F
2F
(1]

—100 100

(IN)

(EDGE)

(OUT)

RM Histograms

EM Histogram,. indxofftop

10 | =
s =
= °f E
= af 3
>F Mex) E
o Sigj ]
ok ]
(1] 2 4 1
EM, cm™{
RM Histogram, indxofftop
(3
s E
4 =
= 3 :
=
> E
1 —3.8 E
okE Sig d a43.5
—100 _ . o . (1] 100
- EM ﬂlsm‘mﬂﬂjxoll _
s E
a E
= 3 3
=
> E
1 E
o
4 6 8 10
EM, cm™{—6} pc
RM Histogram, indxon
1s | -
= 10[ 3
= 5 ]
=1 [ ]
= [ ]
sk .
ok ]

NRM)

EN Histqgram, Qadxoffheg

RM, rad/m~2

FERERETE FUY FERY ATy

sl

4 (3 8
EM, cm™M{—6} pc

RM Histogram, indxoffbot

-
=

10 |-

SN & & ®
T

sl Lo b L L Ly

—100 100




Consider a
superbubble that
has swept up the
internal field into
its shell.

The upper panel
shows a field line.
The lower panel
shows the Faraday
Rotation Measure
RM of this swept-
up field.

The observer looks
UP from BELOW.
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Now for a

corrugated field line. , _~1 - 0 > 10 _

The upper panel 10E 3

shows the corrugated 3 ;

field line. ok ;

The lower panel ) ] 1

shows its RM. , ] :
af

Again, the observer
looks UP from
BELOW.

RM for Vertical LOS




Is the corrugation from the Wardle instability?

From Draine &
McKee 1993,
ARA&A Review

Annu. Rev. Astro. Astrophys. 1993.31:373-432. Downloaded from www.annualreviews.org
by University of California - Berkeley on 02/02/13, For personal use only.

INTERSTELLAR SHOCKS 419

Now consider what would happen if the straight magnetic field lines of
the plane-parallel steady solution were to be perturbed as in Figure 4. The
drag force will now have a component parallel to the local magnetic field
that cannot be balanced by the J =< B force, and ions will therefore be
accelerated along the field lines to collect in the magnetic ““valleys.” As a
consequence, @ will increase in the valleys, the drag force (proportional
to ™) will increase, and the field lines may be further distorted. Linear
stability analysis (Wardle 1990) found C-type MHD shocks with 8, = 0
to be unstable for AL, = 5; oblique shocks (in which B, == 0) behave
similarly (Wardle 1991b). The nonlinear development has yet to be inves-
tigated, so that it is not yet known to what degree these unstable shocks
will differ from the idealized steady-flow solutions that have been studied
numerically. The most unstable mode has a wavwvelength approximately
equal to the thickness of the shock transition.

53 Cosmic-Ray-Mediated Shocks: Drury Insrabilitry

Shocks which are efficient at cosmic-ray acceleration have a postshock
cosmic-ray pressure that is an appreciable fraction of the total momentum
flux pov2. As a result, the cosmic-ray pressure gradient in the neighborhood
of the shock is dynamically significant. Drury (1984) noted that acoustic

L =] /B

i

- N 0; decreases
' 4 decreased drag

. \dieag force
IJ=B,/ ¢
net. force on ions

— -7 (3= [25a) Adrag foroce £, nareascos
<=-<:,{_';n‘;):(vn vl) ~. -'_A_/lll(grc‘;_xse_d drag
unperliurbed perturbed

Figure & Mechanism for the Wardle instability in two-fluid MHD shock wavwves.
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For Kolmogoroff turbulence, the structure functions would
have a logarithmic slope of 5/3. For 2-d turbulence, the slope
would be 2/3 (Minter & Spangler 1998).

But the slopes are essentially FLAT.
This means that the fluctuation scale—the outer scale for

turbulence—is SMALLER THAN OUR EFFECTIVE
RESOLUTION, which is about 0.6 degrees, or a few parsec.

THE FLUCTUATION SCALE
IS LESS THAN A FEW PC.



Current Summary:

We see that Superbubble walls are interesting:

-They sometimes are magnetically dominated
(probably usually!)

-They should have WPIM (if there is HIM nearby, like
inside the very same superbubble)

-They sometimes have huge RMs

-They sometimes have corrugated field lines

-The scale length of the corrugations is surprisingly (to
me) small

Let’s turn to a larger philosophical
issue:



People fit off-plane RMs to derive the global
magnetic field configuration in the ‘Galactic Halo’:

--Vertical ‘Halo’ field near Sun: Taylor et al. and
Mao et al. agree for SGP (RM= [-6.7 +/- 0.5]
rad/m2), disagree for NGP ([3.1 +/- 0.5] vs [0.0 +/-
0.5] rad/m2).

--Horizontal ‘Halo’ field near Sun: Taylor et al.
find -0.4 pG at b= +45, +0.8 nG at b= -45, towards
1~280. NOTE: they find a REVERSAL above/below
b=0!

This reversal agrees with Han et al. A picture:




The Galactic Halo according to Han (2009).
Antisymmetric RMs: the signs reverse across the b=0
line and across the 1=0 line. This leads to the global
field configuration on the right hand side, which is
consistent with an A0 dynamo.

AG 2 J. T.. Flaaxx

remion. Flowew is the volume-awverasmed fGeld strengsth in such a larse region. The
Ppoloidal ficlds arc possibly limited to a smaller central region. The newly discowvered “dol
ble helizx™ nebula (Morris et al. 2006). withh an estimated field strensth of order 100 oS,
reinforces the presence of strong poloidal mmagnetic felds in tube format mersing frorn
the rotating circurmnuclear gas disk near the (falactic Center.

FPolarimcd thermal duast ocmission has boen doetoctod im the mmoleccular cloud =onoe at
sub-mm wawvelengeth (see [Fig. 4, Nowvak et al. 2003, (Chuss et al. 2003). which is probalbly-
rel@ated to the toroidal fields parallel to the Ealactic plane and complerments the poloical
fields showwn by the vertical filaments., The observed molecular clowud =mone has a size of a
Ffew hundred poe,. and is possibly a ring-like clolid outside the central resion with poloidal
Feld (see Fig.1l of Chandran 2001). The sub-immm polarization observations of the clolucd
zone offer information only about the field orientations. Zeerman splitting measurerments
of HFT absorption asainst M (.. Plantce ot al. 1995) or of the O mascor in thoe Seor
M region Yusef-Hadeh et al. 1999) =ive a line—of: izht field stremngsth of a few mcs in the
woleswrels=s. Tt s pros=siklaler thizat teoaroriclal fGelels drx thier cloucdds zarer shierzarescd froxrrn Chier proalesiclaal
fields, so thhat thhe RNV distribution of radio sources in this wvery central region could bhe
antisyrmmetric (Nowalk et al. 200535

Outside the central resion of a few huandred pe to a few kpe, the structure in the stellar
and gas distributions and the magnetic structure are =all mysterious. There probably is
a bar. The larme-scale magnetic felds should be closely related to the material structure

not been revealed set. The larse positive RMs of backsround radio sources
== 6° of the Galactic Center (FRoy et al. 2005) are probably related to amagmietic

fields following the bar (Roy et al. 2008). Comparison of the RNMs of these baclksrotnd
radio sources with RDMs of forecgsround pulsars (sce Fis. 1) should be helpful in delimeatins
the field structure.

P B N agimetic fAaelds §mnn the CTalactic hala
MMagmnetic field structure im the Galactic halo can be revealed froaom RMWVMs of GRS
if allowvanoce ca@uan bhe mmade for ountstanding intrinsic IRMs. The foresrolaricd

Clalactic ERNMNLD = thoe cormarmnon to the obscorvoed RMNMs of all ECRs wwithidin e
srmall patech of sky. A fFe TS are elitninated., the pattern for the (Galaoctic
RN camn be obtaimed. Flan et al. (1997) discarded any source if its RM deviated frommn the

averame RNM of ne
M strikine anti

mhbourings sources by more than 3o. and obtained a “cleaned” RM sk
srmuametry in the inner Galay with respect to Galactic coordinates (see

FhEimure 5. The antisyrmmetric rotation measuare sky, derived frorm RMs of extramalactic radio
sources after filtering out the outliers with anomalons RM valunes. The distribution corresponcs
to masnetic structure in the CGalac Thalo s lustrated on the right. See [Tan et al. (1997, 1999).




These ‘halo field models’ use high-latitude RMs,
so they rely on the field within ~1 kpc reliably
tracing the Galactic-wide halo field. The huge
RM fluctuations at high latitudes produced by
identifiable, individual ISM structures produce
“cosmic variance’ and I suspect this is serious.

Our high-latitude RM data sample about 1/64 of
the Galactic plane’s area. Do you believe it’s
reliable to extrapolate this tiny area to the whole
Galaxy?

What would we measure if we moved 1 kpc

away from our present position?



SUMMARY

We see that Superbubble walls are interesting:

-They sometimes are magnetically dominated
(probably usually!)

-They should have WPIM (if there is HIM nearby, like
inside the very same superbubble)

-They sometimes have huge RMs

-They sometimes have corrugated field lines

-The scale length of the corrugations is surprisingly (to
me) small

and...

The high-latitude sky’s RMs are dominated by
individual structures. In my opinion, we should be
cautious about using high-latitude RMs to make
statements about the Global Galactic Field.



Fin



We (or at least I; how about you?) believe that high-latitude
RMs are dominated by INDIVIDUAL STRUCTURES—
contrary to conventional viewpoint that they trace the
GLOBAL GALACTIC FIELD.
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ABSTR.ACT

We have re-—analyvzed the WRAO VLA Sky Survey (INWSS) data to derive rotation measures (RMIs) toward 37.543
polarized radio sources. The resulting catalog of RM values cowvers the sky area north of declination —407 with an
average density of more than one RM per square degree. We present an image of the median RM over 82% of the
sky with a resolution of 8° and a typical error of ==1—2 rad m  °. The image shows large-scale structures in RN that
extend to very high Galactic latitudes. A simple analysis of the RN structure at high Galactic latitudes is used to
derive properties of the Galactic halo magnetic field in the solar neighborhood. We find the component of the local
field perpendicular to the plance (the z-component) eqgual to +0.30 4G for = — O and —O. 14 4G Ffor = =— O. The reversal
of sign across the Galactic plane is consistent with a quadrupole field geometry for the poloidal component of the
halo field. The halo magnetic field component parallel to the disk is also found to be antisymmetric and generally
consistent with a toroidal field. with strength +0.83 ;oG for =z = O and —0.39 ,0G for =z = 0. We hawve identified five
regions of the sky where the foreground median RM is consistently less than 1 rad m 2 over several degrees. These
holes in the foreground RN will be useful for future studies of possible small-scale fluctuations iNn CoOosSMICc Magnetic

field structures. In addition to allowing measurement of RMs toward polarized sources. the new analysis of the INWSS

data removes the effects of bandwidth depolarization for |RNM| =
catalog. This new catalog of RMs and polarized flux densities is awvailable online. and will
for further studies of the Galactic magnetic field and magnetoionic mediun.,
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1. INTRODUCTIOMN

Faradawy rotation of the polarized swvnchrotron radiation fromn

100 rad m— 2 inherent in the original NWVSS source
be a valuable resource
and extragalactic magnetic fields.

halo — magnetic fields — polarization

and source catalog were created by combining 217 .44946 WL A
snapshot observations in two bands., each <42 MWMH= wide. at
1364.9 MiH= and 1435.1 MH=. Faraday rotation will produce a

radico sources provides a probe of the magnetic field and
thermal electron density along the line of sight. Observations
of Faraday rotation mecasures (RMMs) have been carriced oul sinocse
the 1960s through measurements of the wawvelength dependence
of polarization position angles at widely separated frequencies
(e.g., Gardner & Whiteoak 1963). Compilations of published
RMs were created for 555 objects by Simard-INNormandin et al.
(1981) and 674 objects by Broten et al. (1988). More recently.
spectropolarimetric surveys of the Galactic plane (Taylor et al.
2003; Haverkorn et al. 2006 have added 528 published IRNMI
walues at low Galactic latitudes (Browmn et al. 2003a. 2007).
while Gaensler et al. (2005) and Mao et al. (2008) have measured

Totation ol the polanization angle beltween the two bands. I he
effects of bandwidth depolarization on the number density of
polarized sources in the NWSS catalog due to integrating over
the two bands in regions of high foreground RM was reported by
Stil & Taylor (2007 ). We have reprocessed the INWSS wisibility
data to create images in each of the two bands, and analyzed
the data to calculate RMWIs for compact polarized sources. In this
paper, we present the catalog of 37.543 polarized sources with
RMs and polarized intensities corrected for the depolarization
in the original values from the NIWVSS catalog. We also carry out
a simple analysis on the data to derive some basic properties of
the Galactic halo magnetic field.

— SO0 IKIVIS 1N e vicinily of the LWV and SVt .

The low-latitude data have been used to explore the Galactic
magnetic field (Brown et al. Z003 b, 2007 ) and the magnetoionic
component of the interstellar medium (Haverkorn et al. 2008).
Howewver, the low surface density of RM at higher latitudes has
precluded the use of extragalactic RMWIs for conclusive studies
of the Galactic halo field. Xu et al. (2006) used an augmented
wversion of the Simard-WNormandin et al. (1981) catalog. con-
taining approximately 1000 high atitude RMW values, to search
evidence of enhanced RM associated with nearby galaxy
superclusters. They report tentative detections against the Her-
cules and Perseus-Pisces clusters. bur note that ““conclusions
must remain tentative until we better understand the Galactic
foreground.”™

he most extensive large-area survey of polarized radio
sources to date is the WNational Radio Astronomy Observatory
WM Sky Survey (INWSS) which obscrved the sky north of
declination —40° (829 of the sky) in Stokes [, . and L7 at a
fregquency of 1.4 GH=z (Condon et al. 1998). The IWNWVSS images
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2. THE DATA
2.8, Derivarior: of Rotariorn AMeaswures

To derive RM wvalues from the INWVWVSS observations., we
downloaded the calibrated INWVSS wisibility data sets for each
snap shot from the WNational Radio Astronomy Observatory data
server amnd created mosaic images in Stokes J. ., and 5 in
each of the two bands. The images were created using AIPS. A
mosaic weight ilmage was also created to provide an estimarte of
the theoretical noise as a function of position. We also created
images with combined data from both bands to measure the
amount of depolarization. Since we use the peak intensity as
an estimate of the source flux. a mild w—uv taper was applied.
degrading the resolution slightly compared to the original NWSS
images to mitigate resolution effects. The peak flux density was
measured in cach image at the position of every INWSS catalogs
source with cataloged Stokes J intensity greater than 5 mJy.
The noise level. o. for the @ and Z wvalues was determined




People fit RMs to Galactic global field models.
In the Galactic plane:

Han et al., van Eps et al., Haverkorn et al. find
that field lines follow spiral arms with pitch
angle decreasing with Galactocentric radius,
with reversals. Details differ.

Some pictures:
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Han (2009). e -
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Figure 1. The RM distribution of 736 pulsars with |b] < 8% projected onto the Galactic
plane, including new data of Han et al (2009, in preparation). The linear sizes of the sym-
bols are proportional to the square root of the RM walues with limits of 427 and =42700
rad m . Positive RMs are shown by plus signs and negative RMs by open circles. The
background shows the approximate locations of spiral arms used in the NE2001 electron
density model (Cordes & Lazio 2002). RMs of 1285 EGRs of |b] < 8° (data mainly from
Clegg et al. 1992, Gaensler et al. 2001, Brown et al. 2003, Roy et al. 2005, Brown et al. 2007
and other RM catalogs) are displayed in the outskirt ring according to their { and b, with the
same convention of RM symbols and limits. The large-scale structure of magnetic fields indi-
cated by arrows was derived from pulsar RMs and comparison of them with RMs of background
EGRs (details in Han et al. 2009). The averaged RM fluctuations with Galactic longitudes of
EGRs are consistent with magnetic field directions derived from pulsar data, for example, in
the 4th Galactic quadrant.

terstellar medium mostly in tangential regions. The fluctuations in the RM distribution
of extragalactic radio sources (Clegg et al. 1992, Gaensler et al. 2001, Brown et al. 2003,
Roy et al. 2005, Brown et al. 2007) with Galactic longitude, especially these of the fourth
Galactic quadrant, are consistent with magnetic field directions derived from pulsar data
(see Fig. 1). The negative RMs of EGRs in the 2nd quadrant suggest that the interarm
fields both between the Sagittarius and Perseus arms and beyond the Perseus arm are
predominantly clockwise.



The Galaxy according to Van Eck et al.
(2011): One spiral-shaped reversal, only
inside the Solar circle.

Field Strength

MODELING THE MAGNETIC FIELD IN THE GALACTIC DISK

Field Morphology
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- B (}AG) 1 1.— A sketch of the magnetic m.ld in lh: mss\ of the Galaxy based on
- k. The bold arrows in the local ar the Sagittarius-Cari
o 20 s the omly Sencrally atcepied lochtion of he laree-scale reveroal in
B 1.5 e dis 20IJ 3 The re,xm n; show the field
10 ons as concluded fros study. The dashed arrows are less certain
u 1.0 the paucity of data available in these regions
- o7
— F 0.5 5. SUMMARY AND DISCUSSION
St 0.3 have processed a set of VI.A observations and produced
= [ 0.1 wlog of 194 rotation measures of extragalactic sources
= F o : Galactic disk, filling in critical gaps in rotation mea-
0.1 overage between the Canadian Galactic Plane Survey
o - 1e Southern Galactic Plane Survey. Using these data, we
- -0.3 ude that of the three popular models investigated by Sun
o -0.5 (200R), the most consistent with our new data is (he
o 0.7 RING model.
u 146 propose our own model, stemming from a new model-
u - rategy that studies the disk field in three different sectors.
- -1.5 livision of sectors is ronghly hetween the outer Galaxy
N -2.0 rants 2 and 3), quadrant 1 and quadrant 4. Our modeling
10l ssts that the inner Galaxy has a spiral magnetic field that
e 'ned wllh the spiral arms, while the outer Galaxy is dom
u by an almost purely azimuthal field. This is consistent
5 a significant decrease of the magnetic pitch angle with
- alactocentric radius, o small (almost zero) values be-
o the Solar orbit. Such a decrease is also seen in external
o galaxies (Fig. 8 in Beck et al. 1996). For example, the
o angle in M31 decreases from —19 = 3° near the galactic
u rto—8+3° at r = 12—14 kpe (Fletcher et al. 2004).
-20| L r model also indicates that the magnetic field in the
At At ’ y is predomi ly clockwise, with a \inglvlevm\e(luﬂ-
-20 -10 o X (kpc) ‘hat appears ral out from the center of the Galaxy.

the lower panel of Figure 6. Shades of orange/red represent clockwise field, while

o s Gal:
is similar (o the ASS+ARM model described by Sun et
2008), except that the pitch angle varies with radius in
wdel. In some sense, our model provides a “unification’
two axisymmetric spiral models discussed by Sun et al.

> origin of magnetic reversals remains poorly under-
_ An obvious pe ity to explain them is a bisymmet-
agnetic field (perhaps of primordial origin; see Sofue

1986, and references therein). ymmetric mag-
structure has reversals between spiral shaped regions,
oth in radius and azimuth. However, it is now believed
sisymmetric magnetic fields are rare in spiral galaxies,

and that galactic magnetic fields are maintained by some form
of dynamo action (Beck ct al. 1996). Dynamo mcchanisms
generally favor axisymmetric magnetic structures, with non-
axisymmetric features resulting from secondary effects (such
as the spiral pattern and/or overall galactic asymmetry). Our
results indicate that the regular magnetic field in the outer part
of the Milky Way is predominantly axisymmetric. Ruzmaikin
etal. (19835) suggested that radial reversals of an axisymmet-
ric magnetic field can be maintained, for periods compara-
ble to the galactic lifetime, provided the initial (sced) mag-
netic field had such reversals, for example if the seed field
was random (resulting, e.g., from the fluctuation dynamo ac
tion). Ruzmaikin et al. (1985) confirmed thar a few rever-
sals can persist in the Milky Way if the half thickness of the
ionized layer is within the range 350-1500 pe, whereas this
range is much narrower in the case of M31, 350-450 pc (these
estimates can be model-dependent). This seems to explain
the presence of at least one reversal in the Milky Way and
their absence in M31. Asymptotic analysis of the mean-field
galactic dynamo equations with a-quenching (Belyanin ct al.
1994) shows that the radial reversals can be persistent at those
galactoeentric radii r where

By
Bo(r) 2

=0,

() (1+2
r

where () is the local growth rate of the regular magnetic
field due to the dynamo action, Bo(r) ocal saturation
strength (presumably corresponding to the energy equipar
tion with the turbulent energy), and prime denotes derivative
with respect 1o radins (see Shukurov 2005, for a review)
Thus, the occurrence of the reversals is sensitive to rather sub
te details of the galactic dynamo that are poorly known. This
severely restricts the predictive power of the theory and limits
the value of nu cal results, which are inevitably obtained
with idealized and often heavily parameterized models.

As another way to visually examine our modeling efforts,
we have combined our 3 magnetic sectors with NE2001 to
produce @ rotation measure map at z = 0, as shown in Fig-
ure 12. The small circles along the interior show the pulsar
RMs, and the larger circles around the outside (at R = 20 kpc)
are the smoothed (97 bin widths, 3° steps between bins) EGS
RMs, corresponding (o the middle plotin Figures 7 through 9
While certainly there are places where the data and the model
disagree in Figure 12 (likely due to small scale fluctuations
in the data that have not been accounted for and perhaps also
due o the limitations of the model), overall the data appears
to be fitted quite well. Were it not for the black circles on the
data points, many of these points would be virtually indistin-
guishable from the background model.

We expect that significant improvements on this model, us-
ing the same technique and the present edition of the elec
density model, will be difficult 1o accomplish for several
reasons. First, the electron density model includes very lit
e small scale structure beyond the local regions. Second,
the reliability of distances to the pulsars remains question-
able; small shifts in the assumed position of the pulsars will
influence the results of the best fit. Fortunately, the EGS are
simply assumed to be located at the edge of the Galaxy in
their identified ¢, b direction, making their “position’ reliable.
Therefore, they can provide a stable base to assess the model
Finally, as is always the case with modeling, more data would
vastly improve the model. For example, pulsars on the far side
of the Galactic center would provide much needed constraints




The in-plane models are getting
really good at matching the RM
data! The data sample large swaths
of the Galactic plane. Even though
current studies differ on the details, I
believe that IN PRINCIPLE the
approach is valid and, with lots more
data, will reveal the truth.
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The original four phases, as defined by
McKee & Ostriker, are not the four we
think of today.

Today it’s:
*The essentially FULLY NEUTRAL
CNM and WNM

*The essentially FULLY IONIZED
WIM and HIM
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