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The Milky Way：
an edge-on spiral galaxy with a bar

Courtesy：R. Hurt 2008



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

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

==> Much better understanding on the structure of the Milky Way.



Started from my PhD phase (1989-1993)
on magnetic field structure of the Milky Way

IAU Symp. No. 157, 
279 (1993)

A&A 288, 759 (1994)



Observational B-tracers:  What  info out?
1. Zeeman splitting: parallel field,  in situ (masers, clouds)

△n ∝ 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 ∝ B⊥2/7,       p% ∝ B⊥u
2 / B⊥t

2

5. Faraday rotation: parallel field, integrated   (the halo & disk)

RM ∝ ∫ ne B// ds    ------ pulsars +  EGSes

1.

2.
3.

4.

Courtesy:
Wielebinski

Courtesy: Tamura

5.



Han & Zhang (2007, A&A 464, 609) 
• Collect Zeeman splitting data of maser 
spots in HII and star formation regions
• Spots in one region always have the 
same field orientation! 

Maser spots near the star-forming region 
as B-field tracers 

脉泽发射线
Btotal »
7.6-10.6 mG



The Galactic distribution of Zeeman data
In situ AU-scale-B directions coherent in many kpc scale!

Blue: 
Counterclock-
wise field

Han & Zhang 2007
A&A 464, 609

Red: 
Clockwise field

First Zeeman result from MAGMO
Green et al. 2012, MN

Maser B obs are complementary to PSRs for large 
scale field structures



Magnetic Fields due to dusts: emission or scattering/absorption

Courtesy: Tamura 



• 9000 stars have polarization measured
• mostly nearby (1~2kpc)
• polarization percentage 

increases with distance

Zweibel & Heiles 1997, Nature 385,131 
Berdyugin & Teerikorpi 2001, A&A 368,635

Starlight polarization: local field // arm



GALACTIC PLANE INFRARED POLARIZATION SURVEY (GPIPS):
Clemens et al. 2012 ApJS:   0.5 million stars;  18<l<56O & |b|<1O

data has been releasedOnly co-added B-orientations;

no strength, no direction! 



Polarization at mm, sub-mm, infrared
Working toward measure B-field of galactic scale

• Thermal emission (of dusts)
• Preferentially aligned by B

Hildebrand et al. PASP 112, 1215

Infrared     submm     mm



Origin of magnetic fields in stars and planets?
New observations show:

preserved from clouds during star forming !

ALMA Obs.
e.g.  Rao et al. 

2014, ApJ 780, L6



Synchrotron emission



The Milky Way：
an edge-on spiral galaxy with a bar

R. Hurt 2008

accumulated along sightlines 

with various Faraday-rotation;

no strength, no direction! 



Planck 2015：Best all-sky synchrotron
Ø Magnetic fields in the disk: B // Galactic Plane
Ø Magnetic fields in filaments: B // filaments

@ 30GHz

Lower Freq.？

accumulated along sightlines 

with various Faraday-rotation;

no strength, no direction! 



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

E-Sky maps:

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

accumulated along sightlines 

with various Faraday-rotation;

no strength, no direction! 



R. Hurt 2008

B//B//

B//

RMs of background sources: Integration but helps
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Faraday Rotation in the interstellar medium
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The Milky Way：RMs of extragalactic sources: Integration of Ne*B//



M. Simard-Normandin &  P.P. Kronberg (1980, ApJ 242, 74)

Faraday Rotation distribution in Sky

Ø got the RM sky distribution
Ø infered the BSS B-structure in the disk
Ø got scale height from sigma_RM(|b|)



Faraday Rotation Sky

Sofue & Fujimoto (1983):

BiSymmetric Spiral for disk B-field!

M. Inoue & H. Tabara (1981, PASJ 33, 603):

B disk B-field in 2 kpc! B=1.5uG to l=100o



3 proposed models for
B-field structure in the Galactic disk
Concentric Rings Axi-symmetric Bi-Symmetric Spiral 
Rings model  spiral (ASS) (BSS)

How to judge?
= >  More data!



Axi-Symmetric Spiral (ASS) model by J.P. Vallee
• Main Problem:  fields go across the arms
• Newly: one radius range for reversed fields
• Not consistent with field reversals near 

-- Perseus arm??
-- the Norma arm !!

BSS 
reversal BSS 

reversal

?

?



RMs from Canadian Galactic plane Survey
Brown et al. 2003

RM ∝ ∫ ne B// ds
ne?  Model!



RMs from the southern Galactic plane
Brown et al. 2007



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

Haverkorn et al. 
2006, AN 

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



• Polarized + no intrinsic RM:   Faraday rotation:

• ne: can be measured:

» <== the delay tells DM
»

» the rotation of position
» angles tells RM value ==>

» Average field strength 
» can be directly derived
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Pulsars: Best probes for Galactic Ne and B-field
<B> to us：

RM>0



Pulsars: Best probes for Galactic Ne and B-field

Widely spread in  the Galaxy !  
è 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)



Pulsar RMs and the B-field in the disk
(R.J. Rand & S.R. Kulkarni, 1989, ApJ 343, 760)



Ring model:
Concentric rings of reversed 
fields
• Selection effect problem
• Field lines go across the arms
• Formula mistakes for the BSS 

modeling,  then introduce it

by  R. Rand & S. Kulkarni (1989)
R. Rand & A.Lyne(1994)



3 proposed models for
B-field structure in the Galactic disk
Concentric Rings Axi-symmetric Bi-Symmetric Spiral 
Rings model  spiral (ASS) (BSS)

How to judge?
= >  More data!



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

RMs of 185 
pulsars

> ~ 3kpc?!

Arm-seperation: 
1 or 2 kpc!

Lyne & Smith (1989)

5kpc

Data distribution: 
Selection effect!



Bi-Symmetric Spiral Model
Proposed from RMs of

Extragalactic Radio Sources:
Simard-Normandin & Kronberg (1980)
Sofue & Fujimoto (1983)

Confirmed by Pulsar RMs:
Han & Qiao (1994)
Indrani & Deshpande (1998)
Han, Manchester, Qiao (1999)
Han,Manchester, Lyne, Qiao(2002)

Supported by starlight polarization
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

Total No. of pulsar RM published:    è 1453

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
Han et al. (1999) 63 54
Crawford (2001): 7 7 
Mitra et al. (2003): 11 11
Weisberg et al. (2003) 36 17
Han et al. (2006): 223 196
Han et al. (2018): 477 386
Xu et al. (2022): 134 134
Wang et al. (2023) 402 402



Our measurements



Paired pulsars probe the B-field in the between region

G
DM
RMB

dd
µ

D
D

-
232.1

21|| ＝
RM ∝ ∫   ne B// ds
DM ∝ ∫   ne ds

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

d1
d2

If many PSRs, 
fit together!

*
Sun

*
Sun



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

red:   new measurements by Parkes 64m telescope 

Han et al. 2002, ApJ 570, L17

G
DM
RMB µ

D
D232.1＝

RM ∝ ∫ ne B// ds
DM ∝ ∫ ne ds

<B> = 
steepness

up or down 
= direction



We measured magnetic fields in the Galactic disk
by pulsar RM/DM (Han et al. 2006, ApJ 642, 868)

• always counterclockwise in arm  region!
• clockwise in interarm region ?
• More data still needed!



We measured radial dependence of regular field strength
(Han et al. 2006, ApJ 642, 868)
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(Han et al. 2006, ApJ 642, 868)



No stop, do more!
Han et al. 2018



Han et al. 2018
ApJS 234, 11



Who understand us better?

Distance uncertainty: yes!
but collectively, fine!



49

± 28.5°？

300,000 pulsars in the Milky Way
but only 3,000 in last 53 years
1000 pulsars by FAST?

FAST Galactic Plane Pulsar Snapshot survey

FAST GPPS survey

Can track 4 hours
+ 1.5 hours

pointing acuracy 8”



R. Hurt 2008

FAST-GPPS：Survey area

Inner Galaxy
for more fainter pulsars
in more distant area

Outer Galaxy
for pulsar generated
along radius
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751 pulsars on GPPS Web

http://zmtt.bao.ac.cn/GPPS/



FAST pulsar polarization observation
p Total 3341 pulsars, 1453 of which have known RMs
p FAST can measure Faraday rotation for faint pulsars
p Two PI projects for halo pulsars: PT2020_0164、PT2021_0051

=> 134 new RMs (Xu et al. 2022,  doi: 10.1007/s11433-022-2033-2 )
p The Galactic plane pulsar snapshot (GPPS) survey: Polarization data

=>  404 new RMs (Wang et al. 2023, doi:  10.1088/1674-4527/acea1f ) 



New RMs for 134 halo pulsars and 311 disk pulsars

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



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

• Large number of RMs in 
(26o<l<90o) increased by a 
factor of two compared to 
the previous work.

• Explore the fields in farther 
arms up to 15 kpc

Magnetic fields in the first quadrant of the Galactic disk

Without FAST，
it is very difficult to explore magnetic 

fields in such wide areas
(Xu et al. 2022,  doi: 10.1007/s11433-022-2033-2 )



Where the FAST can measure in future?
new PSRs
discovered

by FAST

Han et al. 2024



The Milky Way：RMs of extragalactic sources: Integration of Ne*B//



RM<0 :
<B> away 
from us

RM>0 :
<B> to us

RM Sky: Anti-symmetry!
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-- +
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RM<0 :
<B> away 
from us

RM>0 :
<B> to us

RM Sky: Anti-symmetry!
Outliers omitted if significantly different from surroundings

+        --

-- +



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

Evidence for global scale B
• High anti-symmetry to the 

Galactic coordinates
• Only in inner Galaxy
• nearby pulsars show it at 

higher latitudes 

Implications
• Consistent with B-field 

configuration of A0 dynamo

• The first dynamo mode identified 

on galactic scales

+        --

-- +



Generation of toroidal fields in the halo
t=0

t=
1

t=2

t=3

• Angular 
velocity

• Radial shear 
works on  BR

R
gR=w

t
R

RBB R ¶
¶

=
w

j

Myr1=t



Taylor et al. (2009）

Taylor et al. 
(2009)

Stil et al. (2011）
2012 A&A

+        --

-- +

RM sky: Antisymmetry is confirmed!
Notice: RM estimated from only 2 IFs of NVSS data
Individually: cannot trust! Collectively: Ok!



Han et al. (1997, 1999)

This has been confirmed again and again

Taylor et al. (2009）

NVSS RM catalog: RM estimated from only 2 IFs 

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

+       --

-- +

+       --

-- +

+       --

-- +

+       --

-- +



Han et al. (1997, 1999)

This has been confirmed again and again

Oppermann et al. (2012)

+       --

-- +

Xu & Han (2024)
Hutschenreuter et al. (2022)



3D structure & Galactic coordinates 

RM Xu & Han2014a

RMNVSS

GRM

RM foreground from our Milky Way:  GRM

Oppermann 2012

GRM Difference



b = 90o

Sun

b=－90o

Galactic  
halo

l = 90o

l=270o

l=180o
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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)



b = 90o

Sun

b=－90o

Galactic  
halo

l = 90o

l=270o

l=180o

+        --

-- +

Problems for halo B-fields are:

1. unknown scale height;

2. unknown radius range;

3. unknown field strength
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The picture can’t be displayed.

Xu & Han 2024, ApJ

EGR
RMs

PSR
RMs

Huge Magnetic Rings in the Galactic Halo



Xu & Han 2024, ApJ

How huge are 
the Magnetic Rings in the Galactic Halo?



Xu & Han 2024, ApJ

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!

Huge Magnetic Rings in the Galactic Halo



RMs of background radio sources
in the GC region
(Roy et al. 2008)

Sun

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

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



RMs of background radio sources
in the GC region

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

What’s Wrong here?
Ou, It is just right!Rings must start from R~0.1kpc

and must extend to R > 15kpc!



b = 90o

Sun

b=－90o

Galactic  
halo

l = 90o

l=270o

l=180o

+        --

-- +

Any evidence for the dipole?
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Poloidal & 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!

Poloidal field
filaments Unique to GC

--- dipolar geometry!
(Morris 1994; Lang et al.1999)

(from Novak et al. 2003)

150p
c

GC

Predicted 
B-direction



Magnetic fields in our Galaxy:  near GC

Spiral arms & B- fields
continue near GC?

– Yes in NGC 2997
(Han et al. 1999)

–- How strong?

Poloidal fields
– reason for jets?
– dipole field?
– related to vertical-B?
– how strong?

(from B.D.C. Chandran 2000)



Beck (2001, SSRv 99, 243):
Unique measurement

of Vertical B-component

Bz＝0.2～0.3µG
pointing from SGP to NGP

(Effect of the NPS discounted already!)

Local vertical components:  from poloidal field?

South Galactic Pole

North Galactic Pole

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

Mao et al. 2010 
data Confirm Bz

Preferably negative

Preferably positive



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 in 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)



Thanks for your attension !
The FAST-GPPS Survey





Many Simulations of dynamos
---- check spatial B-energy spectrum & its evolution 

e.g. Magnetic energy distribution on different spatial scales (k=1/λ)

Many papers by  
• N.E. L. Haugen, A. Brandenburg, W. Dobler, …..
• A. Schekochihin, S.C. Cowley, S. Taylor, J. Moron,  ….. 
• E. Blackman, J. Maron …..
• Others …..

No measurements of the B-energy spectrum !



Pulsar RM distribution onto Galactic plane
red:   new measurements by Parkes 64m telescope 
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Minter & 
Spangler 1996

Han et al. 
2004

Email from 
Dr. A. Minter

Spatial magnetic energy spectrum of our Galaxy
(Han et al. 2004, ApJ 610, 820)

Flatter B-energy spectrum 
at scales larger than the 
ISM energy-injection-
scale! λ< ~4pc:   3D Kolmogorov

λ> ~4pc:   2D turbulence?



Effect of the North Polar Spur
• How B-lines 

expended?
• What RM 

distribution 
expected?

• Ne enhanced?

NPS: RM? 



Organized B inside and outside of the circumnuclear “Ring” !
==> Ring B fields!

（From Rainer Beck talk）

Magnetic fields in other Galaxies
M31



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

Concentric Rings Axi-symmetric Bi-Symmetric Spiral 
Rings model  spiral (ASS) (BSS)

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



21 RMs (Han et al. 1998)

Han et al. 1998: A&A 355, 1117
RMs of background sources for B structure in M31

Milky Way                             M31Milky Way                             M31



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 !

A0

S0

S1



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



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

RMs of 185 
pulsars

> ~ 3kpc?!

Arm-seperation: 
1 or 2 kpc!

Lyne & Smith (1989)

5kpc



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! 



26.5
o

40o

The FAST-GPPS survey

26.5
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40o



The scale height of the halo magnetic fields

First quadrant Q1:
positive (negative) field values
above (below) the Galactic 
plane

Second quadrant Q2:
all negative field values

Lower limit of 
the scale height of halo 

magnetic field:
2.7±0.3 kpc

Magnetic fields in the Galactic halo

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


