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B-measurements beyond Milk

Yes, observations for B in nearby galaxies!
Yes, evidence for B in intra-clusters!

Inter-cluster Radio Bridge!
But not yvet B-fields in inter-galactic s

Adapted from: Kim, Kronberg, Giovannini
and Venturi, NATURE, 1989

w COMA A+C 326.4 Mtz
Hitk fields: g

ee.

Xu, Kronberg et
al. 2006, ApJ

Clark et al. 2001
ApJL

i : Kronberqg et al.
2008, ApJ
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.;‘__*Beyond our Galaxy - Extragalactic?
- “Intracluster?
= Inte[galactlc?

10 milion |y

e

Virga llI| [
Groups| ‘[

MGLC
B/ 44

NGE L
5D33 ":.l"lrgﬂ
EJ e ACluster: .
iploi—"" 1 o B
Ursa'ﬂajnr Lo
J-E':'I | Ernup&

| L ocal g"llGrg J
R G csél : 1D1E are

CeF omas
Cluster

Endanu$
Cluzter

Cosmlc ra)gs care B-fields in mtergalactlc space beyond
Milky Way. not B in nearby galaxies, not B in clusters!




Measurements of Galactic magnetic fields

JinLin Han

National Astronomical Observatories
Chinese Academy of Sciences
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Measurements of Galactic magnetic fields

e Methods to measure

e Results of measurements
— Galactic disk
— Galactic center
— Galactic halo
— Random fields

e Conclusions




What shape should an elephant have?
-- depends on which part a blind touch?!

and measured much  We need more measurements
st decade and put all data together!




Galactic B-field: a decade ago

<

Okpc
210 field:

no idea!

Galactic center

10,000
light years
pe

-7 = 3 models: which?




How many arms? —
Where are arms located?
Is there a bar in GC?
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Observational B-tracers: What info out?

Polarization of starlight: perpendicular field in 2 or 3 kpc
orientation // B, ---------m--- 9000 +? stars

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

Zeeman splitting: parallel field, in situ (masers, clouds)
Ay o€ B, - 137 maser regions & 17 coulds

Synchrotron radiation: vertical field structures (added)
total intensity S ocB ,27,  p% oc B, 2/ B ?

Faraday rotation: parallel field, integrated (the halo & disk)
RMoc | nB,ds ---- 1024 pulsars + >3000 EGSes




Optical Sky




Galactic latitude (deg)

—60

Local field direction

9000 stars have polarization measured

mostly nearby (1~2kpc)
polarization percentage
Increases with distance

Loop I centre Local field antipode
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Starlight polarization: local field // arm
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Polarization vs. distance dependence in the SGP area.
w data are plotted with open circles

1=0

. Polarizations of the stars around the SGP. The length
bar gives the amount of polarization, its direction gives
-ection of the polarization plane
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8Zwelbel & Heiles 1997, Nature 385,131
Berdyugin & Teerikorpi 2001, A&A 368,635



Perseus Arr

Starlight polarization:
local field // arm
local field // Galactic plane
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Observational B-tracers: What info out?

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

Zeeman splitting: parallel field, in situ (masers, clouds)
Ay o€ B, - 137 maser regions & 17 coulds

Synchrotron radiation: vertical field structures (added)
total intensity S ocB ,27,  p% oc B, 2/ B ?

Faraday rotation: parallel field, integrated (the halo & disk)
RMoc | nB,ds ---- 1024 pulsars + >3000 EGSes
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Polarization at mm, sub-mm, infrared
Working toward measure B-field of galactic scale

3
[
=
= !
w [0 j r! SR
Infrared = submm. M
0 30 100 300 1000

Wavelength (um)

Fig. 2—Total flux spectrum and derived temperature components of
the molecular cloud W49A, Adapted from Sievers et al. 1991, (Area

sampled includes warm component in core.)
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Dec. offset (deg.)

Correlation of orientation of the fields in clouds
with the large-scale G

(e 3‘%;;:; Beck et al. 1991, IAUS 146, 209 ~———
: vZ>S00 |« Mapped large-scale
" | magnetic fields in four
— GMCs
» Statistically significant
NG correlation with the
orientation of the Galactic
0 plane.
S * Field direction tends to be
riored neress] (705 L] preserved during the

0.5 CII.IES 0 I -0.25 Hu;fﬂ:ﬁ‘s;‘S{ ) 0.25 0 -0.25 -0.5 process Of G MC fo rmation .



Observational B-tracers: What info out?

« Zeeman splitting: parallel field, in situ (masers, clouds)
Ay o€ B, - 137 maser regions & 17 coulds

« Synchrotron radiation: vertical field structures (added)
total intensity S ocB ,27,  p% oc B, 2/ B ?

« Faraday rotation: parallel field, integrated (the halo & disk)
RMoc | nB,ds ---- 1024 pulsars + >3000 EGSes
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log B, (1G)

MoLECULAR CLOUD ANALYSIS

Zeeman Effect: - e r L o, o,
(1}

- @ 3) @ M} {6)
B in molecular clouds
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—— RCW 57 (V2F...oovons 03 23 004 31 73
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1L o Ik B S106 .ooeeeeeeeeeivesren, 400 2.60 28 1.3 25
- 1 | ‘ ] DR21QH2 ............. 360 256 233 0.4 0.7
- ? i OMCt e 360 256 232 0.5 09
- P 1 NGC 2024 ...evve 87 19 229 02 04
0 He/M) =0.1 N SBRB ..o, 69 1.84 223 0.7 14
L ( / )n ] Bloeereeoeeeeeenee. 27 1.43 219 0.7 1.3
S T T W4IB...oooveereireeane 21 132 216 11 21
1 s B B s By e W22 oo, 18 126 222 02 0.5
i (b) Sheet P O ] WAD ..o, 14 115 22 03 0.6
C ] POPE L eeeeeerienn. 10 1. 21.7 0.4 08
3 — L1440 ..o, 1 1.04 223 0.1 02
r i NGC 6334° oo 150 218 227 0.6 12
i ] OMC-N4"................ <300 <248 23.1 <03 <09
o B - Tau G orvriiviiierns <7 <{.85 21.6 <04 <07
— , - LIS coeeeeerereenaann <15 <LIB 212 <19 <3.7
i _ Ol ] LIGAT oo, <1l <104 221 <02 <03
- 10 2 2 pOph 2 ., <13 <Ll 21.6 <07 <13
1 b ozt Wy h TMCA  vveviveievveee. <12 <LOB 219 <03 <06
i s T S LI495WT . iriiraienns <% <095 21.6 <0.5 <09
- L . - L1344 . viiiiinienn <10 <1 21.3 <10 <20
i 1 L [JOThis Paper ] TMCACE oo, <9 <095 219 <02 <05
O — - O Previous Data —] LlSZlf .................... {9 <0.95 21-7 <0.4 <0.7
(/M) =0.1 O - L8ES .vvrerrerenran, <6 <07 2. <01 <02
i 1 L 1 I 1 1 i { | ! 1 1 1 ] 1 1 1 1 ] _ Tau 165 ...cvnevvrinnnen. <7 <(0.85 21.7 0.3 < 0.6
21 22 23 24
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W3 (OH)

Moleculor Cloud
v -4F ta -50
CO,H,CO, NH, Emission

27 o

B-field from maser spots

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!

H20 Masers

24

Source Alias Dist Freq EB; B, B, Obs. Eef.
(GL+GE) nare (kpc) (MHz) (mis) (m&) (m&)  telescope
W3(OH) 2.2 13441 56  10.2 11.3 VLBA EE
W3 OH 2.2 G035 7.1 8.0 8.7 Ef bdwc97
2.2 G031 3.3 4.7 81 E# bdwc97
2.2 13441 6.9 8.2 11.3 GBET frm05
2.2 13434 10.3 GET frm05
196.454-1.677 5269 3.8 1665 —4.2 * —4.0 VLBA fraz(5
3.8 1665 —4.5 VLBA fraz(5
G208.994-19.38 Orion 0.5 1665 * —2.5 VLEI hmr+77
G213.706—-12.606 Mon R2 0.9 1665 —2.6 —2.4* —2.2 VLBA fraz(5
0.9 1667 —2.5 —2.5 —2.2 VLBA fraz(5
0.9 1665 —3.4 VLA-A fram(3
(G285.263-0.050 4.3 G035 10.0 PES cv5h



The Galactic distribution of Zeeman data

Structure in distribution of field directions
In situ

o = ~ 1 Counterclock-
Bofr T3 wise field
= | v‘-::r
E /‘5@ 2’6"* :
il CA %
@ S
2 B O
T Clockwise

007, o s field

Distance from the Sun: X (kpc)

Han & Zhang
A&A 464, 609

We need more data, and better determined distances!




Observational B-tracers: What info out?

« Synchrotron radiation: vertical field structures (added)
total intensity S ocB ,27,  p% oc B, 2/ B ?

« Faraday rotation: parallel field, integrated (the halo & disk)
RMoc | nB,ds ---- 1024 pulsars + >3000 EGSes




Synchrotron radiation: transverse B-structures
B-field structure from linearly polarized emission

Two Possible origins:

1. Large-scale magnetic field as vectors shown (conventional concept) /
2. Anisotropic random field compressed by large-scale density wave /

wwp Tt e -« - Noinformation of B-directions!

10—

RM maps helps on directions of
(disk &) halo field!

11—

DECLINATION (J200D)

., ++!  MPIFR has a group working on
St this for 25 years!

12+

.
13_ " L

14— - e —

® Han et al. 1999, A&A 384, 405 |

094555 50 45 40 35 30 25
RIGHT ASCENSION (J2000)




Milky Way Center Geminga
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Polarization surveys of the Galactic plane
- show B-field structure

- Effelsberg Polarization Survey ©20cm

* Parkes 2.76Hz polarization survey

+ Canadian &alactic plane survey (1.4GHz)
+ Southern Galactic plane survey (1.46Hz)
* VLA Galactic plane survey (1.4G6Hz)

* Galactic Arecibo-LFA survey (1.46Hz)

- WRST: 350MHz survey

* I miss some?
+ Sino-German polarization survey at 6cm

Higher Frequency, less Faraday depolarization!
Greater depth or deeper insights into ISM!



FPerseuas Arm

‘)Sun !

Orion » .rm (Local Spur)

Sa gittarius Arm "

_-
"3

. Norma Arrr'1_ J

Scutum-Crux- Arm

Centr.freq: 4.8/4.963GHz
BW: 600 MHz/295 MHz
System temp.: 22 -25 K
HPBW: 9.5arcmin

. 1st side lobe: 2%

Instr. polarization: <2%
Beam efficiency: 67%
Gain: 0.164 K/Jy

Obs: 2004.8—2009.4
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Depolarization in the periphery of HIl regions
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Observational B-tracers: What info out?

« Faraday rotation: parallel field, integrated (the halo & disk)
RMoc | nB,ds ---- 1024 pulsars + >3000 EGSes




Pulsars as hest probes for Galactic B-field

« Polarized + no intrinsic RM: Faraday rotation: RM>0, field toward us

3 ﬂ. | Dist
RM = Zﬂ;304 jPSR[ ()] n.(NB(1) «dl =0.820 (B,)[ ™ n.dl

n.. can be measured: Dist _
DM:jnsnedI RM = 2= PR
: ° A — A5
== the delay tells DM .
|at=8.3x10°DM 2 sec JFAADAY EFFECT :

VMHz

the rotation of position
angles tells RM value ==>

Average field strength

can be derived /
| RM
T <B‘ ‘>—1 2325 4G @




Pulsars: Best probes for Galactic magnetic field

Perseus Arm S_EQ,itl::"tj'ius - .

i SR
i

) Obscured
B Ot

- - _ - A .
Drion Arrt!_{_j’v::ﬂl Spurd “5 +*<’Erm1 rr$+ |
+ + + + Scutum-Crux- Arm

e i
o

N\ Widely spread in the
s A Galaxy !

=» 3-D B-field structure!




Major observations of 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
Han et al. (1999) 63 54
Weisherg et al. (2003) 36 17
Han et al. (2006): 223 196
Noutsos et al. (2008) 150 43
Han et al. (2010 to submit!): 477 400




Pulsar RMs observed by others
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63+223 RMs by Parkes
(Han et al. 1999, 2006)
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Pulsar RMs observed by others

|Ib| > 8 degree



|Ib| > 8 degree



63+223+477 RMs by Parkes +GBT
(Han et al. 1999, 2006, 2010)

NP: b=80°

-

SP: b=-90°

|Ib| > 8 degree



Paired probes to measure B-field in a region

M o< [one B, ds ARM
DM o< [0 ne ds ADM

. <B”>d1—d2_1 232~

If many pairs,
do average, or
Fit together!

Orion Arm (Local Spur)

Analysis Is not limited to modeling B all the path, but can
measure B in the region between! Significant improvement!
No worry about foreground bubbles! Less sensitive on Dist!




Distance from the Sun: Y (kpe)

Measuring the B-field in the Norma arm

red: new measurements by Parkes 64m telescope

............ —
ol T PSRs in 1= 18°4° & |b|<8° I PSRs n I= 18°24° & |bj<8°

. \-;B;I-—= 3.2:(?.8;..\(2
' <B-=—55+0.5uG

1"‘2500 = o =, +

2
T
iy
S
7o
+
1000
L’

—1000 0

RM (rad m—~}

1000

0

PSRs in 1=335°+4° & [p|<8°, [ PSRs fn 1=3357+4 & pl<8° |
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Measuring B-field in tangential regions!

<B >=1.232
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Measured magnetic field in the Galactic disk
by pulsar RM/DM  (Han et al. 2006, ApJ 642, 868)
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Measured Radial dependence of regular field strength

Breguiar (R) = Bo « exp][ (RRBR@)] <B| |>=1.232 igk"ﬂ 1G
e | | G interarm fiewd

Rs =8.5+4.7kpc ® arm—ficld i
(Han et al. 2006, ApJ 642, 868) +

RM (rad m_"]
0 1000 -10

........................

_ random fields!

Uncertainties
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RMs from the southern Galactic plane

Brown et al. 2007

RM o< [ ne B, ds
ne? Model!
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RMs of Extragalactic radio sources

93 source ﬂ(l) 2
RM = —=]"'n,(B(l)edl
Py ol 7 (0B

RMobs = RMintrinsic ¥+ RMntercalactic + RMI\/IiIkaav
e RMintrinsic - RM Intrinsic to the source;

— They never know each other: uncorrelated = Random!
— Location of emission regions: = Beam size?

S

e RMintercaiactic - RM from intergalactic space,;

— weak correlated if with same intervening medium
— Small values ??

 RMwilkyway : Foreground RM from our Galaxy;

— Correlated ~10° with same intervening ISM
— Strongly depends on the Galactic coordiantes!



RMs from radio sources behind the Galactic plane:
Consistent with B- Structure from Dulsar data!
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* PSR and EGRs data show
% a consistent B-structure!
t. =4 |, » Dominant RM contribution

%ﬁ‘\ from tangential regions!
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Spatial magnetic energy spectrum of our Galaxy
(Han et al. 2004, ApJ 610, 820)

10 }.,— 1 chc 0.1 0.01 10~ %

l{—{}.B?

Email from A. Minter

By pulsar
RM/DM

" Flatter B- -energy spectrum 53
- at scales larger than the
- ISM energy-injection-scale! 3= _ -

_—

T

—_ -

Minter & Spangler
1996

: A <~4pc: 3D Kolmogorov
3 80> A > ~4pc 2D turbulence?

G.1 1 10 10{] 100{} 10%

Wavenumber: k (kpc 1)



Measurements of Galactic magnetic fields

e Methods to measure

e Results of measurements
— Galactic disk
— Galactic center
— Galactic halo
— Random fields

e Conclusions




Galactic center: filaments and polarization

e Poloidal fields

— Nonthermal filaments: more discosvery!
— cm-polarization obs: RMs and intrinsic field

 Toroidal fields

— submm, mm polarization: clouds
— RMs of background radio sources

* Field structure and field strength
— mG In filaments?

— Zeeman splitting: mG field
— uG In pervading regions?




Wide-Field Radio Image of the
Galactic Center
Sgr D Hil X A =90 cm

(Kassim, LaRosa, Lazio, & Hyman 1999)
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NTF G359.79+0.17

total radio intensity
polarizedintensity =

NTF G359.79+0.17
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Magnetic fields in Galactic center

- traced by dust polarization (sub-mm and mm)
- oriented along the plane and perpendicular to NTFs
- a possiblility: poloidal field sheared into toroidal field?

Northern Thread

o (G0.08+0.15)
Radio Arc 60‘1_8_("‘}4 e, Arched — 25w
15 T S /| Filaments Y=

10

w
Ad [arcmin]

Ad(arcminutes)

> \ I

0 ! 5 [— 1 \ i
— 2%  a [ > \

B Vectors : e Vo
[ -10 —
-5 20 cm . . | :
10 5 0 -5
Nishiyama et al. (2008)™
"ig. 10— Kg-band polarization map derived from the Galactic center component (Pp_p &

N r_B, red bars), where the polarization is detected with Pp_p/dFr g > 2. The polarization
ﬁﬂ. (arcmmUlES) nap at the center of our Galaxv derived from FIR/sub-mm chservations (blue bars) is also
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Polmdal & Toroidal fields near GC
Toroidal fields

(Novak et al. 2003, 2000)
e permeated in the

central molecular zone
(400pc*50pc)

* sub-mm obs of p%
o 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)




Magnetic fields in our Galaxy: near GC

vertical magneic field in hot plasma P .
molecular

horizontal magneti material
field

(from B.D.C. Chandran 2000)

\

Hl




RI\/Is of background radio sources
| for B-field

tud
X
X 4
><
X
X

JoX% oo x o In the GC region
S (Roy et al. 2008)

Observer




Galactic center: filaments and polarization

e Poloidal fields

— Nonthermal filaments: more discosvery!
— cm-polarization obs: RMs and intrinsic field

e Toroidal fields

— submm, mm polarization
— RMs of background radio sources

o Al Al e RETPIEASR R B -y DR, RS |

> Fleld structure and Tield strengtn
— mG in filaments: Yusef-Zaden & Morris (1987)
— Zeerman splitting of HI or OH lines: mG field

c

(Schwarz & Lasenby 1990; Killeen et al. 1992; Yusef-

Zaden et al. 1996, 1999)
— UG In pervading regions:
Nord et al. (2004); Roy et al. (2008): 20uG




Measured B—structure m the Galactlc disk

IDAIISQQ

(Han et al. 2010, ApJ
to be submitted )




Measurements of Galactic magnetic fields

e Methods to measure

e Results of measurements
— Galactic disk
— Galactic center
— Galactic halo
— Random fields

e Conclusions




RM Sky: Anti-symmetr

Outliers significantly different from
surroundings been filtered

R M <O : . ! : - i?o_: e - b T_::.:_; "
<B> away P :
fromus o

RM>0 :
<B> to us

Milky Way: The largest edge-on Galaxy in the sky
Pulsars and extragalactic radio sources as probes



Notice: RM estimated from only 2 IFs of NVSS data
Individually: cannot trust! Collectively: OK!

Taylor et al. (2009)
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Measurements of Galactic magnetic fields

e Methods to measure

e Results of measurements
— Galactic disk
— Galactic center
— Galactic halo
— Random fields

e Conclusions
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Depolarization in the periphery of HIl regions
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Measuring the B-field fluctuation vs scales

10

Distence from the Sun: X (kpc)



(k) (erg em™® kpe)
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1071 1p7€ 4o

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

10 }.,— 1 chc 0.1 0.01 10~ %

l{—{}.B?

Email from A. Minter

By pulsar
RM/DM

" Flatter B- -energy spectrum 53
- at scales larger than the
- ISM energy-injection-scale! 3= _ -

_—

T

—_ -

Minter & Spangler
1996

: A <~4pc: 3D Kolmogorov
3 80> A > ~4pc 2D turbulence?

G.1 1 10 10{] 100{} 10%

Wavenumber: k (kpc 1)



Measurements of Galactic magnetic fields

e Methods to measure

e Results of measurements
— Galactic disk
— Galactic center
— Galactic halo
— Random fields

e Conclusions




Conclusions

Galactic center: Poloidal + Toroidal B-field

- Radio filaments: more discovery
(LaRosa et al. 04,05; Yusef-Zedah et al. 04; Nord et al. 04)

— Submm Polarization + BiSpiralt
— B-strength: mG or uG? (Larosa et al. 05) Zeeman’7
- RMs of EGRS In center region (royetal. o)

rl]rl( [ ol K ey o (from Novak et aI
0.8 g 2003) . — 29,

. . . . i
. orries et al. 2006, Nature §




Conclusions

» Galactic center: Poloidal + Toroidal B-field

» Galactic halo: AQ-mode B-field structures (inner Galaxy)
— Antisymmetric RM sky! (Han etal. 97,99) o STEITES
— Better RM sky (raylor et al. 2009) :
— Polarization sky surveys (seereichos)  BIRES TR

— WMAPs: halo + local?papers)
— Scale-height of B-disk (sk80; HQ94)

Galactic disk




Conclusions

center: Poloidal + Toroidal B-field

lo: AO-mode B-field + structures Inner Gal
lisk: Measured B-reversals SRR
— Pulsar RMs - measuring
+ B-field: follow spiral arms!
* measuring = reversals

+ B-field stronger towards GC
o Statistics: B-energy spectrum

- RMs of EGRS - Consistent B-structure
— Clouds Zeeman =» reversals

i,
C

Distance from the Sun: X (kpc)




Thanks for your aftention

Cosmic rays
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