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Over Last 30 years, a lot of progresses on
understanding the Milky Way

« WMAP and Planck measured the full sky polarization at
N*10GHz & m*100GHz

« Gaia measured billion stars, position, color, spectra ...

« BeSSel projects measured many key points for spiral
structures

* S0 many telescopes get capbility to measure polarization
« S0 many polarization surveys done for the Galactic plane
« S0 many radio sources get the Faraday rotation meaured
* S0 many pulsars discovered ...

==> Much better understanding on the structure of the Milky Way.
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Abstract. The pitch angles of the local magnetic field in our Galaxy, previously derived from
Rotation Measures (RMs) of pulsars by many authors, are not consistent with each other and
with the pitch angles of the local spiral arms. That may be due to the fact that the used pulsar
samples are located in different arms in which the directions of the magnetic fields are different. In
this paper 2-D and 3-D models for the local magnetic field based on spiral arms are proposed for
fitting the RMs of 129 nearby pulsars. In our models the amplitude of the uniform ficld changes
sinusoidally to avoid abrupt reversals, and the directions are parallel or anti-parallel. The best-
fitting 2-D model shows that in the Orion arm the strength of the regular field component is
2.4+ 0.3u6, with its direction towards | = 73°  3°. There is a direction reversal in Sagittarius-
Carina arm beginning at Dyey = 0.3Kpe. The half "wavelength” of the sinusoidal variation is
about 1.7 + 0.4Kpe. The best fitting 3-D model shows that the scale height is only about 0.16
Kpe, which means that the local uniform field is confined in the galactic plane. The strongest
regular field in this 3-D model is about 2.8+ 0.3G. The results from both, the 2-D model as well
as the 3-D model, show that the orientation of the field is in excellent agreement with the spiral
arms.
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1. Introduction

There are extensive studies of magnetic fields in spiral galaxies during the recent
years. The general conclusion is that the regular fields have their strength at about
several pG, and that the magnetic field lines follow more or less the spiral arms
(e.g. Wielebinski, 1990; Beck, 1991).

In our Galaxy the existence of the magnetic field was deduced from the discovery
of the linear polarization of starlight (Hall, 1949; Hiltner, 1949). The conclusion
from reanalysing the data of stellar optical polarization is that the ic field
is aligned with the galactic plane and in the direction of { = 45° in the vicinity of
the Sun, but beyond a circle of 600 pec it is directed toward I = 70° (Ellis and Aron,
1978). Simard-Normandin and Kronberg (1989) analysed the RMs of extragalactic
radio sources and found that the local field point towards I = 76° with reversals at
the neighbouring arms. Sofue and Fujimoto (1983) found the bisymmetric magnetic
field configuration could fit the RMs of extragalactic radio sources well. Inoue and
Tabara (1981) concluded from a study of RMs of extragalactic sources and pulsars
and optical polarization of starlight that B,.; = 1.6£0.4uG and Ip = 100+ 10° for
the local field. There have been many attempts to derive the local or global magnetic
field in our Galaxy from RMs of pulsars since the pioneering work of Manchester
{1974). Because the pulsars have no intrinsic Faraday rotation, (n,) along the line-
of-sight can be estimated from Dispersion Measures (DMs). Pulsars are located
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Abstract. The magnetic field in the disk of our Galaxy is inves-
tigated by using the Rotation Measures (RMs) of pulsars and
Extragalactic Radio Sources (ERSes).

Through analyses of the RMs of carefully selected pulsar
samples, it is found that the Galaxy has a global field of BiSym-
metric Spiral (BSS) configuration, rather than a concentric ring
or an AxiS; ic Spiral (ASS) ion. The Galactic
magnetic field of BSS structure is supposed to be of primordial
origin. The pitch angle of the BSS structure is —8.2° 4 0.5°.
The field geometry shows that the field goes along the Carina-

ittarius arm, which is del by Giant Clouds
(GMCs). The amplitude of the BSS field is 1.8 + 0.3 uG. The
first field strength maximum is at 7y = 11.9 £ 0.15 kpe in the
direction of | = 180°. The field is strong in the interarm regions
and it reverses in the arm regions. In the vicinity of the Sun, it
has a strength of ~ 1.4 4G and reverses at 0.2-0.3 kpc in the
direction of I = 0°.

Because of the unknown electron distribution of the Galaxy
and other difficulties, mpossible to derive the galactic ficld
from the RMs of ERSes very quantitatively. Nevertheless, the
RMs of ERSes located in the region of the two galactic poles
are used to estimate the vertical component of the local galactic
field, which is found to have a strength of 0.2-0.3 ;G and is
directed from the south galactic pole to the north galactic pole.
‘The scale height of the magnetic disk of the Galaxy is estimated
from the RMs of all-sky distributed ERSes, being about 1.240.4
pe. The regular magnetic field of our Galaxy, which is probably
similar to that of M81, extends far from the optical disk.

Key words: interstellar medium: magnetic fields — Galaxy:
structure — Galaxy: general

Although the magnetic fields in several nearby galaxics have
been measured by means of radio polarization observations
(Beck 1993; Wiclebinski 1990), the magnetic structure of our
Galaxy remains a mystery yet to be revealed.

Send offprint requests to: J.-L. Han

The magnetic field in the disk of the Galaxy is extensively
investigated through analyzing the RMs of pulsars and ERSes
in this paper. The field in the Galactic center is beyond the
scope of this paper. The content of this paper is organized as
follows: In the first section, previous attempts to investigate
the galactic magnetic field are reviewed. The controversy on
the direction of the local field and the global field structure is
discussed. Considerations in deriving the magnetic field from
the RMs of pulsars are presented in Sect. 2. In Sect. 3, the RMs
of pulsars are fitted by a BSS global field model. Comparing the
ing residuals, we prefer a BSS model rather than a concentric-
ring model for the magnetic field of the Galaxy. The results
obtained are also discussed at the end of this section. In Sect. 4,
information about the vertical component of the local galactic
field and the boundary of the global magnetic field of the Galaxy
is obtained through analyses of the RMs of ERSes. All results
are summarized in Sect. 5.

All references to distances, including those taken from other
papers, have been scaled to Ry = 10 kpc, here Ry is the distance
of the Sun from the Galactic center.

1. Previous efforts for the galactic magnetic field

In the following subsections, the previous efforts and results
derived by different methods are comprehensively summarized.
Problems that remain to be solved are pointed out in the last
subsection.

1.1. From star-light polarization

Ellis & Axon (1978) made a review of studies of the galactic
magnetic field by optical star-light polarization. They concluded
that within 500 pe from the Sun, the regular field points towards
I = 45°, and beyond this region (but within 2 kpc), it points
towards | = 60°. Inoue & Tabara (1981) concluded that the
regular magnetic field runs along ! = 100°, but their figures
show that the field indicated by starlight polarizations of low
latitude stars (|b| < 30°) is towards [ <90°.

A recent investigation (Andreasyan & Makarov 1989) on
the galactic magnetic field from an optical polarization dataset



Observational B-tracers: What info out?

1. Zeeman splitting: parallel field, in situ (masers, clouds)
Ay o¢ B, - maser regions & coulds

2. Polarization of starlight: perpendicular field in 2 or 3 kpc
orientation // B, ------------- stars

3. Polarization at infrared, mm, submm: perpendicular field
orientation // B, ------------- clouds or regions

4. Synchrotron radiation: vertical field structures (added)
total intensity S ocB 27, p% o B, 21 B,

5. Faraday rotation: parallel field, integrated (the halo & disk)
RM o[ n,B,ds - pulsars + EGSes
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Maser spots near the star-forming region

v = -47 to -50

as B-field tracers
Han & Zhang (2007, A&A 464, 609)

* Collect Zeeman splitting data of maser
spots in HIl and star formation regions

* Spots in one region always have the :
same field orientation! Q

Velocity [km s




The Galactic distribution of Zeeman data

In situ AU-scale-B directions coherent in many kpc scale!

Masér B obs are coFiiplement&ry tb PSRs for Iargé Blue:

scale-field structures
E o bkew g
g i‘b"’d' 2’0‘ @O
§ alls 7’ 2?(
I A e
Rz > G
a [0 O
7 }‘I" ..... %9 o5 (>D< %GC

Han & Zhanq 2007 Distance from the £
A&A 464. 609

Galactic Latitud

fyoooo] Red:

| Counterclock-
1 wise field

Clockwise field

285

Galactic Longitude

Ravleighs



Magnetic Fields due to dusts: emission or scattering/absorption

A

B
é 1& R A I Sub-mm (emission)

% 1 Dust thermal emission.
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Q <—~—> the magnetic field
. [I r
Spinning non-
spherical dust grains I‘ /| B
NIR (absorption) Observer

Courtesy: Tamura



Starlight polarization:

« mostly nearby (1~2kpc)
* polarization percentage
increases with distance

Local field direction Loop I centre Local field antipode

local field // arm

« 9000 stars have polarization measured
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GALACTIC PLANE INERARED'POLARIZATION'SURVEY (GPIPS):
Clemens et al. 2012 ApJS: 0.5 million stars; 18<I<56° & |b|<1
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Polarization at mm, sub-mm, infrared
Working toward measure B-field of galactic scale
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Infrared = submm.
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Wavelength (wm)

FiG. 2—Total flux spectrumn and derived temperature components of
the molecular cloud W49A. Adapted from Sievers et al. 1991, (Area
sampled includes warm component in core.)

e Thermal emission (of dusts)
« Preferentially aligned by B
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Origin of magnetic fields in stars and planets?

New observations show
preserved from clouds during star forming !



Synchrotron emission




The Milky Way:




Planck 2015: Best all-sky synchrotron

» Magnetic fields in th
» Magnetiei |

e disk: B I/ Galactic Plane
dlll Ez ol ents

v 30GHz

Nucleus

Fig. 20. All-sky view of the magnetic field and total intensity of synchrotron emission measured by Planck. The colours represent
intensity. The ““drapery” pattern, produced using the line integral convolution (LIC, Cabral & Leedom 1993), indicates the orienta-
tion of magnetic field projected on the plane of the sky, orthogonal to the observed polarization. Where the field varies significantly
along the line of sight, the orientation pattern is irregular and difficult to interpret.



PI at 1.4 GHz (26m DR E-Sky maps:

- to constrain the halo fields? Maybe.
J! to constrain the disk fields? No !

b B

n O Stre n gth ) n O 150 - S0

21cm DRAO+Villa Elisa all-sky polarization survey
(Wolleben et al. 2004)



RMs of background sources: Integration but helps
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Faraday Rotation in the interstellar medium
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RMs of extragalactic sources: Integration of Ne*Br
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Faraday Rotation distribution in Sky
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» got the RM sky distribution
» infered the BSS B-structure in the disk
» got scale height from sigma_RM(|b|)
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M. Simard-Normandin & P.P. Kronberg (1980, ApJ 242, 74)

10.—The i of the distribution of RMs




Faraday Rotation Sky
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Sofue & Fujimoto (1983):
BiSymmetric Spiral for disk B-field!
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3 proposed models for
B-field structure in the Galactic disk

Concentric Rings Axi-symmetric  Bi-Symmetric Spiral
Rings model spiral (ASS) (BSS)
_‘8\ “8\

How to judge?
= > More data!




Axi-Symmetric Spiral (ASS) model by J.p. vallee

.. ™51+ Main Problem: fields go across the arms
) * Newly: one radius range for reversed fields
|+ Not consistent with field reversals near

16kpc

-- the Norma arm !!

e | N SR
| S =N\
| & i N
o ! A Q.:? 3kpe o
é& o i_o o i § 7 gv 7 L ‘\
Ja - e 1 g S
, : 5

1
et —————— Okpe |-
N -’
'N |
lll

reversal | | BSS
reversal

S x‘ |

|
|

— ¥ {

-8kpc 0 +8kpc



RMs from Canadian Galactic plane Survey
Brown et al. 2003
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RMs from the southern Galactic plane
Brown et al. 2007

1200
[ ]
600 — @
.‘$
0
-600 |— I % i
SGPS EGS
i;—-1200 . , . (raw, binned)
- 1200 T T ' T T ~—® r .
£ * ® o ® 8
@ 600 @ o® —
a 9 ® .. b - &. - - B - .. .
= P e ©.- ‘ e = m g
S ° - o e ® - b L)
2 800} - SGPS EGS
[®] " ] ® Sati
o~ -1200 . . . . . . \ , , Model
1200 T 1
[ |
- | Ny
600 — mpE = ]
[ |
[ | |
| | |
|
-600 |- .‘ : f’. - _|
| PULSARS
-1200 . . . | ; : N . \ \ (raw)

360 350 340 330 320 310 300 290 280 270 260 250

Galactic Lonaitude
Galactic | onaitiide



RMs from extragalactic RM sources
near the Galactic plane: Magnetic Structure -- Yes!

... 1f we have radio
sources inside our Milky
Way with somehow
known distances, it would
be much better ...

Haverkorn et al. ;; ;ﬁﬁ?ﬂg
2006, AN - . ’
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Pulsars: Best probes for Galactic Ne and B-field

* Polarized + no intrinsic RM: Faraday rotation: <B> to us:
e’ A 1 Dist
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Pulsars: Best probes for Galactic Ne and B-field

‘3 + + - | Nc;rma Arm }" ?
gl o e

+ * Scutum-Crux- Arm

Widely spread in the Galaxy !
= 3-D Ne & B-field structure!



Pulsar RMs and the B-field in the disk
(R.J. Rand & S.R. Kulkarni, 1989, ApJ 343, 760)
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Fi6. 2—View of B,’s in Galactic coordinates for pulsars with distances less than 3 kpc. (a) positive B, 's; (b) negative B)'s.
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Pulsar RMs and the B-field in the disk
(R.J. Rand & S.R. Kulkarni, 1989, ApJ 343, 760)
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Ring model: by R.Rand & S. Kulkarni (1989)

_ _ R. Rand & A.Lyne(1994)
Concentric rings of reversed

fields

* Selection effect problem

* Field lines go across the arms

« Formula mistakes for the BSS
modeling, then introduce it
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3 proposed models for
B-field structure in the Galactic disk

Concentric Rings Axi-symmetric  Bi-Symmetric Spiral
Rings model spiral (ASS) (BSS)
_‘8\ “8\

How to judge?
= > More data!




Large-scale: How Jarge is the “large” here?

180

RMs of 185
pulsars

> ~ 3kpc?!

Arm-seperation:
1 or 2 kpc!

Data distribution:
Selection effect! _s0<Lat< 30 Lyne & Smith (1989)




Bi- Symmetrlc Spiral Model

Proposed from Rus of
Extragalactic Radio Sources:

RO sc  Simard-Normandin & Kronberg (1980)
RN Sofue & Fujimoto (1983)

Confirmed by Puisar Rus:

Han & Qiao (1994)

Indrani & Deshpande (1998)

Han, Manchester, Qiao (1999)
Han,Manchester, Lyne, Qiao(2002)

15

BNV g Supported by starlight polarization
104 Bpiral X - - Heiles (1996)

The best match to all evidence
field reversals & pitch angle —8° +2°
( the field stronger in interarm region?)




We took the baton for 2 decades for pulsar RMs

Authors No. of RMs No. New RMs

Hamilton & Lyne (1987) 163 119

Rand & Lyne (2004): 27 27

Qiao et al. (1995) 48 33

Van Ommen et al. (1997 24 2
(Hametal(999) | @ | s |

Crawford (2001): 7 7

Mitra et al. (2003): 11 11

Weisberg et al. (2003) 36 17

Han et al. (2006):

Total No. of pulsar RM published: = 1453
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Paired pulsars probe the B-field in the between region
RM OC_[S:,I’le B// ds B ARM
"S_agitta'rius Arm <B| >1_d2 B 232m HG

P sun e o y If many PSRs,

. Norma Arn;_ .
Orion Arm (Local Spur) _ fit together!

Analysis is not limited to modeling B all the path, but can
measure B in the region between! Significant improvement!

No worry about foreground, much less sensitive on distances



We got the B-field in the most inner arm:
the Norma arm

red: new measurements by Parkes 64m telescope

T T T T T T T T
PSRs n 1= 18°+4° & [b|<8° [ PSRs tn 1= 718°24° & [bl<8°

up ‘or down <B> = - azonc]

RMOC_[neB//dS o e | ’o.,+g=,;j,e & L
DM o | ne ds —

............
BJ'r 554 bsue

= direction steepness

1000 —1000 0 1000
T T T

<B| |> 1232%;1(;

0

=]
(=]
sl T
| P3Rs in J‘.=3-?5°:l4° & |h|<3°I [ PSRs ?'.‘.Vl J‘.=335|°:k4° & |h|<.'3° )
[1] 5 10 (] 200 400 808 800
Distance (lpe) DM {em_:‘pe}
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Distance from the Sun: Y

| \ | |
Distance from the Sun: X &Q{an et al. 2002, ApJ 570, L17



We measured magnetic fields in the Galactic disk
by pulsar RM/DM (Han et al. 2006, ApJ 642, 868)
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We measured radial dependence of regular field strength
(Han et al. 2006, ApJ 642, 868)
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No stop, do more!
Han et al. 2018 <

A

° RM=-27
O RM=-300

O RM=-2700

<B> away from us

RM=27
+  RM=300

—I— RM=2700

<B> towards us




| T R T Han et al. 2018
Planets, S 4 H s % s '. ApJS 234, 11

Stellar Systems

Galacticand Intergalactic
Magnetic Fields

Ulrich Klein - Andrew Fletcher

+  RM=300
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Who understand us better?

354 The Interstellar Magnetic Field
NGP
b=60 e

It is still not clear from this pl(;t whether the direction of the field reverses in
adjacent spiral arms. Part of the problem is the remaining uncertainty in distances,

Andreéw Lyne, Francis Graham-Smith

and Benjamin Stappers

which can misplace a pulsar from the edge of one arm to the edge of another. Han
et al. (1999) overcame this by selecting pulsars at the tangential points of each arm,
where precise location is less important. They showed that the field is in the same
direction in all arms, but reversed between the arms. This s a bi-symmetric pattern.
The strength of this organised field is approximately 2 uG in the local arm and 4 nG
closer to the Galactic centre.

O < TH - 7
1=-60 1=-30 1=0 1=30 1=60

b=-12

Figure 20.1 Hammer-Aitoff projection of the sky in Galactic coordinates, showing
the magnetic field components obtained from pulsar Faraday rotation. The field is
the weighted mean along the line of sight to all pulsars whose Faraday rotation
had been measured in 2020. Plus signs and circles indicate respectively a field
directed towards and away from us. The size of the symbols is proportional to the
field strength. A zoom in showing the lower Galactic latitude parts of the Galaxy
is shown below (Credit C. Sobey).

in the first and third quadrants (/ = 0 — 90 deg, / = 180 — 270 deg) are positive,

and-those-in-the-second-and-fousth. 1
g

It is still not clear from this plot whether the direction of the field reverses in
adjacent spiral arms. Part of the problem is the remaining uncertainty in distances,
which can misplace a pulsar from the edge of one arm to the edge of another. Han
et al. (1999) overcame this by selecting pulsars at the tangential points of each arm,
Fifth Edition where precise location is less important. They showed that the field is in the same
direction in all arms, but reversed between the arms. This is a bi-symmetric pattern.
The strength of this organised field is approximately 2 uG in the local arm and 4 uG
closer to the Galactic centre. H

Distance uncertainty: yes!
but collectively, fine!
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FAST-GPPS: Survey area

Inner Galaxy
- for more fainter’ys
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!5‘ @ httpi//zmitbac.ac.cn/GPPS/

| @ PP home [ ]

Table 1: New discoveries of pulsars by the GPPS survey (v4.0.0) .
same [ |0 | o[ B3, [ [ [ontem o [t
71901+0659g | gpps0001 [ 0.07573 | 126.2 | 19:01:26 || +06:59 | 20190321 | 20191110, 20200420 20200928 | timing=JP. Yuan
71924+1923¢ | gpps0002 | 0.68924 | 386.7 | 19:24:24 | +19:23 | 20190327 | 20191110 20200928 | timing=JP.Yuan
71904+0823g | gpps0003 | 1.50773 | 60.4 | 19:04:43 || +08:23 | 20200421 | 20200915 20200928 | 20201102updateP
71936+2041¢g | gpps0004 [ 1.39078 | 193.8 | 19:36:28 || +20:41 | 20200222 | 20200830, 20200910 20200928 | 20201102updateP

J1838+0046¢g | gpps0005 | 2.20317 | 229.6 | 18:38:10

71924+1933g | gpps0006 | 0.38886 | 2803 | 19:24:48 http / / tht baO acC. Cn/ G PPS/

J1925+1628g | gpps0007 | 0.00411 | 214.1 | 19:25:07 || +1v.20 | 2viziizs | cvavvavs LULUUZLO || ULV L. WY aug
4 [ 20200205, 20200418, 20200607, 20200826, timing=JP.Yuan; 20201102updateP;
4 .05- . : :
J1905+0655g || gpps0008 | 2.51165 | 23.0 | 19:05:48 || +06:55 | 20190923 20200914, 20201002 20200928 20201114updateP
FollowUp=PF.Wang: 20201114updateName:
+ . . :04: +08: 202002 ’ :
J1904+0853g | gpps0009 | 0.00619 | 195.1 | 19:04:53 || +08:53 | 20190917 | 20200205 20200928 20201114updateRA: 20201114updateDEC
J1857+0214g | gpps0010 | 0.33389 | 986.3 | 18:57:09 || +02:14 | 20191009 | 20200212, 20200822 20200928 || timing=JP.Yuan
J1947+2006g | gpps0011 | 0.00817 | 127.4 | 19:47:58 || +20:06 | 20190923 | 20200204, 20200212 20200928 || FollowUp=PF.Wang
J1917+1258g | gpps0012 | 0.00563 | 117.0 | 19:17:21 || +12:58 | 20191014 | 20200208, 20200212 20200928 || FollowUp=PF.Wang
J1930+1403g || gpps0013 | 0.00321 || 150.5 || 19:30:15 || +14:03 | 20191121 || 20200206, 20200401 20200928 || FollowUp=PF.Wang

J1852+0056¢g || gpps0014 | 1.17779 | 905.7 | 18:52:14 || +00:56 | 20200303 || 20200404, 20200819, 20200820, 20200911 20200928

J1859+0430g | gpps0015 | 0.33629 | 783.8 | 18:59:10 || +04:30 | 20200217 | 20200402, 20200404, 20200816 20200928 || timing=JP.Yuan

J1900+0405¢g | gpps0016 | 0.07238 | 634.4 | 19:00:39 || +04:05 | 20200222 | 20200402, 20200817, 20200907 20200928 || timing=JP.Yuan




FAST pulsar polarization observation

O Total 3341 pulsars, 1453 of which have known RMs
O FAST can measure Faraday rotation for faint pulsars
O Two PI projects for halo pulsars: PT2020 0164, PT2021_0051
=> 134 new RMs (Xu et al. 2022, doi: 10.1007/s11433-022-2033-2 )
O The Galactic plane pulsar snapshot (GPPS) survey: Polarization data

=> 404 new RMs (Wang et al. 2023, doi:

North Pole: b=90°

10.1088/1674-4527/aceaf)
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New RMs for 134 halo pulsars and 311 disk pulsars

North pole: 6=90°

P &l LR

o RM>=-10
O RM=-=-50
O RM=<-100

+ RM=<10
+  RM=50
+ RM>=100

(Xu et al. 2022, doi: 10.1007/s11433-022-2033-2 )



Magnetic fields in the first quadrant of the Galactic disk

* In FAST pulsar database
(Wang et al. 2022) we
determined RMs for 311
pulsars for the first time

« Large number of RMs in
(26°<1<90°) increased by a
factor of two compared to
the previous work.

Distance from the Sun: Y (kpc)

« Explore the fields in farther
arms up to 15 kpc

Without FAST, | _ : Y _
it is very difficult to explore magnetic| | o - O&“‘%}\_ *\_K
frelds in such wide areas P msrvreet ANy AN

(Xu et al. 2022, doi40:100%/s11433-022-2033-2 )



Where the FAST can measure in future?

¢ new PSRs
2 1 : .
St discovered
| S by FAST
o{ =90
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RMs of extragalactic sources: Integration of Ne*Br
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RM Sky: Anti-symmetry!

Outliers omitted if significantly different from surroundings

~B> away <B> to .us
from us




Anti-symmetric RM sky: halo B fields = A0 dynamo
(Han et al. 1997, A&A322, 98)

Evidence for global scale B

e High anti-symmetry to the
Galactic coordinates

e Only in inner Galaxy

e nearby pulsars show it at
higher latitudes

Implications

« Consistent with B-field
configuration of AO dynamo

 The first dynamo mode identified
on galactic scales
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RO % 1s confirmed!

Notice: RM estimated from only 2 IFs of NVSS data
Individually: cannoft trust! Collectively: Ok!

2 “"’?&%“’"'"‘”“&S R

2012 A&A




This has been confirmed again and again

NVSS RM catalog: RM eStimated from:only 2 IFs

Taylor et al. (2009)

-500 -400 -300 -200 -100 [ 100 200 300 400 500

Oppermann et al. (2012) Sobey et al. (2019)

-204 rad m—2 204



This has been confirmed again and again

- 8 S

Oppermann et al. (2012)

S -500  -400  -300 =200  -100 0 100 200 300 400 500
SP: b=-90°

Han et al. (1997, 1999) ARA 657, A43 (2022)

RM=—50 s :
- RM=<-100 : - RM>=100

Hutschenreuter et al. (2022)
Xu & Han (2024) -_—

250 dgall[radm™] 250



RM foreground from our Milky Way: GRM

GRM (rad m™%)

50 AGRM (rad m™%)
GRU (rad m~2)
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This has been widely adopted in almost all models for the Galactic !
magnetic fields, with or without citations of Han et al. (1997, A&A
322, 98) and Han et al. (1998, MNRAS 306, 371)
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c Rings in the Galactic Halo

> RM>=-10
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Huge Magnetic Rings in the Galactic Halo

- +/,_,~+' T < '
7 — S A O.. —— )
-+ " + O o\ 0

0] e O

Simply comparing to all
simulations of B-field structure
and n_e distribution models, we
conclude that:

Rings must start from R~1kpc
and must extend to R > 15kpc!

e
BTN A

\\\\\

Xu & Han 2024, ApJ



Galactic latitude

RMs of background radio sources

o

X
X o
b §<<>< X +
X X <O } X
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7O X O + x
: ; o =
Galactic longitude 00 rad.ni>

——X <1000 244 122

in the GC region

' (Roy et al. 2008)

What’s Wrong here?
Ou, It is just right!

I o
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Figure 9. The large-scale RM distribution observed towards the GC. In this figure the extent of the GC in the plane of the
IV in the figure). Circles represent positive RM values and crosses represent

’

Ol S

sky has been split into four quadrants (labeled I

negative RM values, with the size of each symbol scaled by RM magnitude. Black circles and crosses represent the RM values
collated previously by Law et al. (2011). Red circles and crosses represent new RM values studied in this and other recent radio
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polarimetric studies of the GC (Paré et al. 2019, 2021).

D. M. Pare et al. 2024
https://arxiv.org/pdf/2408.16745




RMs of background radio sources

Rings must start from R~0.1kpc
and must extend to R > 15kpc!

in the GC region
What’s Wrong here?

Ou, It is just right!
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Figure 9. The large-scale RM distribution observed towards the GC. In this figure the extent of the GC in the plane of the
sky has been split into four quadrants (labeled I — IV in the figure). Circles represent positive RM values and crosses represent
negative RM values, with the size of each symbol scaled by RM magnitude. Black circles and crosses represent the RM values
collated previously by Law et al. (2011). Red circles and crosses represent new RM values studied in this and other recent radio
polarimetric studies of the GC (Paré et al. 2019, 2021).

D. M. Pare et al. 2024
https://arxiv.org/pdf/2408.16745
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Ad (degrees)

Polondal & Toroidal fields near GC
Toroidal fields

(Novak et al. 2003, 2000)

* permeated in the
central molecular zone

(400pc*50pc)

* sub-mm obs of p%

* toroidal field directions
determined by averaged
RMs of plumes or SNR!

Ao (degrees)



Magnetic fields in our Galaxy near GC
vertical magnetic field in hot plasma "y

A

molecular

horizontal magnetic material
field

(from B.D.C. Chandran 2000)
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“ data Confirm Bz .
South Galactic Pole

Local vertical components: from poloidal field?

North Galactic Pole

Beck (2001, SSRv 99, 243):

' Mao et al. 2010

:

Unique measurement
of Vertical B-component

— Bz=0.2~0.3pG

40

pointing from SGP to NGP

~ “ect of the NPS discounted already!)

(see Han & Qiao 1994; Han et al. 1999)



The Galactic Magnetic Fields:
Progress over the last 30 years

« Large-scale B-fields in our Galaxy: much better

knowledge and much better understanding

 In the Galactic disk, we striggled for 30 years: B-field
along the spiral arms, reverse directions in the arm and
interarm regions.

 In the Galactic halo: huge magnetic toruses with reversed
directions 1n the upper and lower, from 0.1kpc to 15 kpc.

More details could be described by more data!
Take the model from Appendix of Xu & Han (2024, ApJ, 966, 240)









Many Simulations of dynamos
---- check spatial B-energy spectrum & its evolution
e.g. Ma netic energy distribution on different spatial scales (k-1/)\)

E. (k)

Many papers by

* N.E. L. Haugen, A. Brandenburg, W. Dobler, ..... \ :
* A. Schekochihin, S.C. Cowley, S. T::?Ior, " A Moron, 2"\‘

» E. Blackman, J. Maron ..... 10~ | R i e
* Others ..... k,/2pi

No measurements of the B-energy spectrum !



Pulsar RM distribution onto Galactic plane

red: new measurements by Parkes 64m telescope
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Spatial magnetic energy spectrum of our Galaxy
(Han et al. 2004, ApJ 610, 820)
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* How B-lines
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Magnetic fields in other Galaxies

M31 6em Total Intensity -- Magnetic Field (Effelsberg)

Cupyright: MPIR. Bonn (R.BL‘CK, E.M.ch'khuijscn L P.HUQI'!ICS) Copyright: MPTR. Bonn (Rainer Beck & Christine Blesinger)

Organized B inside and outside of the circumnuclear “Ring” !
==> Ring B fields!
(From Rainer Beck talk)



3 proposed models for
B-field structure in the Galactic disk

Concentric Rings

Rings model

“Q\

Axi-symmetric  Bi-Symmetric Spiral
spiral (ASS) (BSS)

_8\

R. Wielebinski & F. Krause 1993, A&A Rev.



Han et al. 1998: A&A 355, 1117
RMs of background sources for B structure in M31
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Basic Dynamos: 3 B-field Configurations

M31: only 21 polarized bright
background sources available !!
Han, Beck, Berkhuijsen (1998):

An even mode (S0) dynamo
may operate in M31 !




Linear Polarization in Pulsating Radio Sources

by
A. G. LYNE
F. G. SMITH

University of Manchester,
Nuffield Radio Astronomy Laboratories,

Signals from all the known radio sources are linearly polarized. The
pulses often seem to be made up of separate components showing 2
high degree of polarization.

lodrell Bank

Ta® mechanism of
sources renorted bv

First mention of RM/DM ==> Galactic B-field!

recorded

126

to be a high degree of polarization in a series of separate
components, each with its own position angle, the radia-
tion at any one time must be from a limited region,
which may be replaced by another a few seconds or
minutes later,

The duration of the whole pulse then seems to be determ-
ined mainly by the dimensions of the source. Individual
components are separated by up to 30 ms in the pulses
from all four sources, suggesting that the radius of the
star cannot be much less than 9,000 km. If this interpre-
tation is correct, coherent radiation is being received from
near the limb of the star, at a wide angle to the normal.
A coherent mechanism is necessarily directive, and a
detailed theory of emission must then allow for emission
in & suitable direction.

Finally, we note that the discovery of linear polarization
opens up the posstBITY O TRCACUNNE The Faraday 1o.
tation in the interstellar medrum, which can then be com-

thfa two
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bined with the measure of the electron content already
available from the frequency dispersion of the arrival time
of the pulses, to give a very direct measure of the inter-
stellar magnetic field. Prellminary results ol tIIs measure-
ment will Ee reported in a separate communication.
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Professor F. D. Kahn.
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Large-scale: How Jarge is the “large” here?

180

RMs of 185
pulsars

> ~ 3kpc?!

Arm-seperation:
1 or 2 kpc!

_30<Lat< 30 Lyne & Smith (1989)



Indrani & Deshpanda (1998):
* BSS model fit data best
 Formula of BSS field of Han & Qiao (1994) is correct ---

To guess large-scale B-field structure from limited
data: modeling & Verified by more data!
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Observatory: FAST Narth
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(B} (nG)

Magnetic fields in the Galactic halo
The scale height of the halo magnetic fields

i T our]
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(By) = 1232

First quadrant Q1:

positive (negative) field values
above (below) the Galactic
plane

Second quadrant Q2:
all neoative field values

(By) = (By), exp(-|Z|/H)

Lower limit of

the scale height of halo
magnetic field:
2.7£0.3 kpc

(Xu et al. 2022, doi: 10.1007/s11433-022-2033-2 )



