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5"‘“”“‘*' Motivation — Galactic B-fields

« Magnetic fields affect all phases of
ISM

« Accelerate cosmic rays via diffusive
shock acceleration (Bell 1978)
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5"‘“”“‘*' Motivation — Galactic B-fields

Image credit: NRAO Adam Ginsburg and John Bally (Univ of

' Magnetic fields affect all phaseS of Colorado - Boulder), Farhad Yusef-Zadeh (Northwestern), Bolocam
|SM Galactic Plane Survey team; GLIMPSE Il team

« Accelerate cosmic rays via diffusive
shock acceleration (Bell 1978)

« Magnetic pressure balances out
gravity on Galactic and molecular- :
cloud scales, affecting gas flow in . ‘\
spiral arms and collapse within star-
forming clouds.

« Many structures within the Galaxy
can only be explained by invoking
magnetic fields:

 Non-thermal filaments in the
Galactic Centre
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- > Brick (G0.25+0.02)
* Magnetic fields affect all phases of B v_ o4k
ISM

« Accelerate cosmic rays via diffusive
shock acceleration (Bell 1978)

« Magnetic pressure balances out
gravity on Galactic and molecular-
cloud scales, affecting gas flow in
spiral arms and collapse within star-
forming clouds.

Dec. (J2000)

« Many structures within the Galaxy
can only be explained by invoking
magnetic fields:

 Non-thermal filaments in the
Galactic Centre

« Broad-line absorption filaments
towards the Brick molecular cloud.

Bally et al 2014
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« Magnetic fields affect all phases of
ISM

« Accelerate cosmic rays via diffusive
shock acceleration (Bell 1978)

« Magnetic pressure balances out
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cloud scales, affecting gas flow in
spiral arms and collapse within star-
forming clouds.

« Many structures within the Galaxy
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 Non-thermal filaments in the
Galactic Centre

« Broad-line absorption filaments
towards the Brick molecular cloud.
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M51 MPIfR (R. Beck) and Newcastle University (A. Fletcher)
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BF Ny Motivation — Galactic B-fields

M51 MPIR (R. Beck) and Newcastle University (A. Fletcher) MPIfR. M. Kratise & CEHT/ Coelim
- Krause 2009 M™ ¥
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« Know more about the magnetic fields in external galaxies than our own Milky Way




BF Ny Motivation — Galactic B-fields

S-PASS 2.3 GHz Stokes Q
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Carretti et al. 2013

Galactic Longibude

Problem is that we are embedded in our Galaxy: suffer from obscuration, confusion and
depolarisation.

We have to infer the magnetic field by modelling observations — requires large datasets.




5"‘“”]:-‘*' Motivation — Galactic B-fields

e Several ways to determine
magnetic field orientation and
strength in the ISM:
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e Several ways to determine AU
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« Several ways to determine ) Figure: James Green
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5"‘””‘:-‘*' Motivation — Galactic B-fields

e Several ways to determine
magnetic field orientation and
strength in the ISM:

e Optical and IR polarisation from
dust-grains aligned along the field
lines, e.g., Heiles et al. 2000

« Zeeman splitting of masers

« MAGMO: OH maser survey Haslam et al. 1982
(Green et al. 2012)

e Synchrotron emission, e.g.,

 Haslam 408 MHz map,
« Reichetal 1.4 GHz map

Reich et al. 1982, 1986, 2001



5"‘“”':-‘*' Motivation — Galactic B-fields

e Several ways to determine

magnetic field orientation and Faraday
rotation

strength in the ISM: B/’

. Optical and IR polarisation from
dust-grains aligned along the field D [/ /,r
lines, e.g., Heiles et al. 2000 o d

« Zeeman splitting of masers

« MAGMO: OH maser survey
(Green et al. 2012)

e Synchrotron emission, e.g., TR
 Haslam 408 MHz map,
« Reichetal 1.4 GHz map

« Faraday rotation of polarised
background sources

- Taylor et al. 2009 e e e L "



B9 56 Measuring B-fields: Faraday Rotation

« Faraday rotation:

Requires ionised gas threaded by a B
magnetic field /

Frequency dependent change in the S
polarisation angle .r‘.V .-/ o s

« Properties of rotating gas described by F“F ;‘fﬁf'-.,- p o
5%

the Rotation Measure:

A8 =RMA° rad, <
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« Faraday rotation:
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B9 56 Measuring B-fields: Faraday Rotation

« Faraday rotation:

Requires ionised gas threaded by a B
magnetic field / )
FreqL_leng:y dependent change in the S =
polarisation angle Y d/
« Properties of rotating gas described by \ .
the Rotation Measure: \/ i
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B9 56 Measuring B-fields: Faraday Rotation

NVSS all-sky RM map
+ additions

Oppermann et al. 2012




B9 56 Measuring B-fields: Faraday Rotation

M distribulion of
pulears and EGRa

<B> oway from us i <H> lowards us

JinLin Han, 2013



B9 56 Measuring B-fields: Faraday Rotation

Two most recent models of the Galactic B-field:

M distribulion of
pulears and EGRa
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Two most recent models of the Galactic B-field:
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B9 56 Measuring B-fields: Faraday Rotation

M distribulion of
pulears and EGRa
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B9 56 Measuring B-fields: Faraday Rotation
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B9 56 Measuring B-fields: Faraday Rotation
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B9 56 Measuring B-fields: Faraday Rotation
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Evidence for field reversals between arms
Not seen in external galaxies — are these real?
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B9 56 Measuring B-fields: Faraday Rotation

« Additional anchor-points within the
Galaxy crucial for next generation of
models

Evidence for field reversals between arms
Not seen in external galaxies — are these real?

Jansson & Farrar 2012



B9 56 Measuring B-fields: Faraday Rotation

« Additional anchor-points within the
Galaxy crucial for next generation of
models

Pulsars (with accurate distances) or
other local magnetic phenomena —
interstellar bubbles

Evidence for field reversals between arms
Not seen in external galaxies — are these real?

j : : Jansson & Farrar 2012
Credit: Spitzer/lGLIMPSE team ’




SYBNEY

Measuring B-fields: bubbles
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Discrete ionised objects in the
Galaxy impose their own RM-
signature on the large scale map of
Rotation Measures

The net RM compared to the
surrounding background is due to
the environment local to the object
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Measuring B-fields: bubbles

]IIu [R]
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(a) sh2-27

Harvey-Smith et al. 2011

Discrete ionised objects in the
Galaxy impose their own RM-
signature on the large scale map of
Rotation Measures

The net RM compared to the
surrounding background is due to
the environment local to the object

Can use individial objects as probes
of local B and neg

Ultimate goal — use many objects at
different distances to build up a 3D
picture of the Galactic B-field



BF iy Measuring B-fields: bubbles: SNR

Image Credit::NASA, ESA, Zolt Levay (STScl)
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e Fast expansion: shock waves
compresses and amplify the swept
up magnetic field
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BF iy Measuring B-fields: bubbles: SNR

Kothes & Brown 2009

Image Credit:: NASA, ESA, Zolt Levay (STSecl) .
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& svoniy Measuring B-fields: bubbles: HII regions

Figure:
Whiting et al 2009




& svoniy Measuring B-fields: bubbles: HII regions
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& svoniy Measuring B-fields: bubbles: HII regions
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The Gum Nebula: A magnetic bubble?
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B9 5%  The Gum Nebula: A magnetic bubble?
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B9 5%  The Gum Nebula: A magnetic bubble?
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B9 5%  The Gum Nebula: A magnetic bubble?

« Kinematics of the neutral gas:

Fit kinematic shell model to associated cometary globules
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B9 5%  The Gum Nebula: A magnetic bubble?

« Kinematics of the neutral gas:

Fit kinematic shell model to associated cometary globules
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B9 5%  The Gum Nebula: A magnetic bubble?
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B9 5%  The Gum Nebula: A magnetic bubble?
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The Gum Nebula: A magnetic bubble?

First systematic study of the B-field in the
Gum was by Vallee et al. (1983)
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« Main assumption is the large-scale gradient behind the selected region.
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 We model the nebula as a spherical
lonised shell straddling the plane

« Shell is in the near-field meaning that
the RM-signature is asymmetric in az
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<y SYDNEY A near-field ionised shell model

 We model the nebula as a spherical
lonised shell straddling the plane

« Shell is in the near-field meaning that
the RM-signature is asymmetric in az

* Free parameters in the model:

« B, ... magnetic field strength

e © ... B-field angle
e dr ... thickness of shell

e @, ... OUter angular radius
* N, ... electron density in shell

« f... filling factor

« X ... compression factor

 O(RM) ... scatter hyperparameter

RM = 0.81 f (B"{¢=C*B*J=9aﬁf)) ( Ne .;) (M)

G cm” pc
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Magnetic field angle
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Magnetic field angle

© =5 degrees
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Magnetic field angle

© = 15 degrees
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Magnetic field angle

© = 20 degrees
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Magnetic field angle

© =50 degrees
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Magnetic field angle

© = 60 degrees
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Magnetic field angle

© = 70 degrees
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Magnetic field angle

© = 80 degrees
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Magnetic field angle

© = 90 degrees
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& 5ol Aside: electron density

« B and n, are degenerate, so must
constrain n, using other data

RM = 0.81 / s rad m—2.
obs
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« B and n, are degenerate, so must
constrain n, using other data

RT\-‘[:[]‘EH/ .nﬁB”dE rad m 2.
obs

« Estimate electron-density from Ha
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& 5ol Aside: electron density

« B and n, are degenerate, so must
constrain n, using other data

RT\-‘[:[]‘EH/ .nﬁB”dE rad m 2.
obs

« Estimate electron-density from Ha

o0 ' '
F:M=f nZdl cm™°.

Ll

T{_- 0.9 .
EM =2.75 ( T l{) () e” em % pe.




& 5ol Aside: electron density

Extinction corrected Ha map: . B and n, are degenerate, so must
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Extinction corrected Ha map: « B and n, are degenerate, so must

240 T b constrain n, using other data
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& 5ol Aside: electron density

Electron density map: « B and n, are degenerate, so must
dektd L constrain n, using other data
2 e e &TC
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e Set as prior in the fitting procedure
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 Fit the model to the RM data

using a maximum likelihood emcee

method s MONC Hammer
« EXxplore the posterior distribution
using the MCMC sampler http://dan.iel.fm/emcee/current/

EMCEE




90N Fitting the model

 Fit the model to the RM data

using a maximum likelihood
method emgnﬁe

« EXxplore the posterior distribution
using the MCMC sampler http://dan.iel.fm/emcee/current/
EMCEE

e Error bars on Taylor RM
catalogue are underestimated for 2 Z [ (RM; — RMpod)?

Galactic RMs. o(RM)?

tot 1

- 1]1(2 m H{Ii-j‘l]?ut.i] }

 Used a hyperparameter to scale |
the errorbars to be consistent a(RM)Z,,; = o (RM)? + exp|2 111{ ) ]
with the scatter in the data (see

Lahav et al. 2000, Hobson et al.
2002)

 Hyperparameter also encodes
small scale structure not in the
model
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Angular offset (deg)

30

Fit the data three times assuming
three guesses for RM-background
of the Galaxy

* Flat median background
 Jansson & Farrah 2012 model
e Sun et al 2008 model
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vouter | i ] Confidence  Fit the data three times assuming
o - Plots: three guesses for RM-background

of the Galaxy

* Flat median background

« Jansson & Farrah 2012 model
e Sun et al 2008 model

Scaled Sun and Jannson models
produced almost identical results.

Results for all three backgrounds
similar within errors
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Best fitting model: » Fit the data three times assuming
three guesses for RM-background
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e * Flat median background
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Best fitting model: » Fit the data three times assuming
three guesses for RM-background
Dffset Longitude (deg Of the Galaxy

20 10 0 =10 =20

L
=

* Flat median background

[ %]
Ln

 Jansson & Farrah 2012 model
e Sun et al 2008 model

3
(=

Offset Latitude (deq)
7

 Scaled Sun and Jannson models
produced almost identical results.

._.
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200}
400
300
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Results for all three backgrounds
similar within errors

BM (rad m*)

—1004 1

5=  OK, so what can we tell from the

results?

Angular Offset o (deq)
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Table 2: Results of fitting the ionised shell model to the RM catalogue.

(1) (2) (3) (4) (5) (6) (7)
Parameter Symbol Unit Notes Assumed Background Level

Flat Sun et al. (2008) Jansson & Farrar (2012)
Distance ) pc Fixed 450 450 450
Background RM RMy, radm™ Fixed —26.4 —64.0 —36.6
Filling factor f Free 0.4 123 [iEn (18 Jakt
Angular radius Pouter deg. Free 22.7 303 2ty e
Shell thickness dr pe Free ) - 18,5 ELE 18.5 113
Field angle ) deg. Free 56 ¥ 12 T T ey
Field strength By pnG Free 8.8740 39132 393
Compression factor X Free 118 T 6.0 752 68157
Electron density e em” Prior 1.4 754 [ i B Tl
Additional RM Scatter 6(RM) radm™  Free T 4 71.0%81 70058
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Results

Table 2: Results of fitting the ionised shell model to the RM catalogue.

(1) (2) (3) (4) (5) (6) (7)
Parameter Symbol Unit Notes Assumed Background Level

Flat Sun et al. (2008) Jansson & Farrar (2012)
Distance ) pc Fixed 450 450 450
Background RM RMy, radm™ Fixed —26.4 —64.0 —36.6
Filling factor f Free 0.4 123 [iEn (18 Jakt
Angular radius Pouter deg. Free 22.7 303 2ty e
Shell thickness dr pe Free ) - 18,5 1.5 18.5 113
Field angle 6 deg. Free 5573 g3t 5573
Field strength By GG Free 28751 30ESa 3.0FEs
Compression factor X Free 118 T 6.0 752 687152
Electron density e em” Prior 1.4 754 [ i B Tl
Additional RM Scatter 6(RM) radm™  Free T 4 71.0%81 70058

« Two results of significant interest:

The compression factor at the edge of the nebula

The angle of the magnetic field (equivalent to spiral arm pitch angle)
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We fit a compression factor at the
edge of the shell to be

~1 assuming a flat RM background
~6 assuming a model gradient

This relatively low compression
suggests that the supernova theory of
origin is less likely. We would expect a
X>100 for such a large old SNR
(currently modelling this for
confirmation)

X Is approximately unity for a Hll
region and so Is consistent, however, a
classical HIlI region model cannot
explain the shell-structure

Results: compression factor

SNR Evolution:

1) Free expansion

2) Adiabatic expansion

3) Radiative expansion

4) Slowing & dissipation
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« We fit a compression factor at the
edge of the shell to be

~1 assuming a flat RM background
~6 assuming a model gradient

« This relatively low compression
suggests that the supernova theory of
origin is less likely. We would expect a
X>100 for such a large old SNR
(currently modelling this for
confirmation)

e X is approximately unity for a Hll
region and so Is consistent, however, a
classical HIlI region model cannot
explain the shell-structure

 Weaver et al (1977) model of a wind-
blown-bubble matches the data very
well and seems most likely.

Results: compression factor
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ooy Results: spectral index

S-PASS 2.3 GHz

o.40 k o == 20 £ 0.23

0.35 |

Galaotis Latituds

0.30 |

=10G" =1
Galectls Lomgltude

2.3 GHz Brightness Temperature (K)

BRI Pl 2 U e D T 0.25 ."E. . : | -

: : e e TT-plot
PLANCK 30 GHz - |

1Pt e s O R
P |« Spectral index over the shell is
i consistent with thermal emission

 More detailed analysis planned for
future papers

—
Galaslie Lengituds
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How et al, 2014

Results: magnetic field angle

* Prior pitch angle measurements:

-6 to -11.5 degrees
Large volumes or

large area covered

Inoue & Tabara (1981)
Vallee [ 1988)

Han & Qiao (1994)
Han et al. (1999)
Heiles (1996G)

Van Eck et al. (2011)
Pavel et al. (2012)



ool Results: magnetic field angle

2 P ; if * Prior pitch angle measurements:
14} Hou et al. 2014 1 Inoue & Tabara (1981)
i « -6to -11.5degrees \Valle (195
Han & Qiao (1994)
10 . Large volumes or Han et al. (1999)
g o Heiles (1996)
ks Van Eck et al. (2011)
= & large area covered Pl o1l (B0
]  Our measurements localised to a
:_ g region of space ~350pc in scale
- Wefind +7° < p S +44°
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ool Results: magnetic field angle

mean(lsin(PA ), ond B, =B peu= 27", 22°

Prior pitch angle measurements:
Inoue & Tabara (1981)

e -6to -11.5 degrees Valke (1985)
Han & Qiao (1994)

° Large volumes or Han et al. fl.!}!JE]}
Heiles (1996G)

Van Eck et al. (2011)
large area covered el

 Our measurements localised to a
region of space ~350pc in scale

0,505 Q.560 3.815 0,870 0.7 25
- " GolacticCoords

Frisch et al. 2012
—

e - Wefind +7° < p S +44°
) S e Rt « Starlight polarisation measurements
e R e S Bn oAt D Rl A S within 40pc of the Sun suggest
R SRR sy MR even more extreme local deviations
L N ) (Frisch et al. 2012)
> _ Gumui% . e
8.5} e *"—:-"-:-*--'—;—'_.___,__._ ;
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Results: magnetic field angle

QO
Heald et al. 2012 ao

100
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Gum Nebula
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____-r—""' Sun o
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Prior pitch angle measurements:

Inoue & Tabara (1981)
Vallee [ 1988)

Han & Qiao (1994)
Han et al. (1999)
Heiles (1996G)

Van Eck et al. (2011)
Pavel et al. (2012)

Our measurements localised to a
region of space ~350pc in scale

We find +7° < p S 444°

Starlight polarisation measurements
within 40pc of the Sun suggest
even more extreme local deviations
(Frisch et al. 2012)

e -6to -11.5 degrees
e Large volumes or

large area covered

A vertical deviation has been seen
In one external Galaxy, e.g.,
Heald (2012)

Such deviations likely common to
star-forming galaxies



& svoney Summary and conclusions

 RMs for the Gum nebula well fitted by a simple ionised shell model
« Origin of nebula is unlikely to be a SNR as previously claimed

« Best fitting model is consistent with the Weaver (1977) model of a wind-blown
-bubble

* We constrain the pitch angle of the ordered fieldto +7° < p < +44°
significantly different to measurements on larger scales

« Such deviations likely a common feature of the star-formation processes in
galaxies

« This work illustrates how challenging the analysis of RM data will be in the age
of the SKA and precursors.

Thanks for listening!
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