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Magnetic fields in the ISM

Why bother?

Magnetic fields govern the plasma dynamics in the ISM, and are relevant in
processes like:

- Plasma turbulence — Jet propagation
- Molecular cloud collapse / star formation ~ Solar wind heating
- CR transport and acceleration ~ Chemical evolution

— Accretion disk dynamics

Field strength measurements are non-trivial and rely solely on (spectro-)
polarimetry observations. Dust grain alignment is most commonly used.
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Movitation
The problem with dust

The dust polarization method is based on the the theory of localized dust grain
alignment due to the turbulent magnetic field.
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Movitation
The problem with dust

The dust polarization method is based on the the theory of localized dust grain
alignment due to the turbulent magnetic field

— Sizes and shapes of individual grains varies significantly

— Different chemical compositions

— Polarization observations are obtained from averaged visible/IR
continuum
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Movitation
The problem with dust

The dust polarization method is based on the the theory of localized dust grain
alignment due to the turbulent magnetic field

— Sizes and shapes of individual grains varies significantly

— Different chemical compositions

— Polarization observations are obtained from averaged visible/IR
continuum

Important
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

* Proposed independently by Davis (1951) and Chandrasekhar &
Fermi (1953).
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

\Y%
Proposed independently by Davis (1951) and Chandrasekhar & By hos = f\/% OV]os
Fermi (1953). ’ o
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

* Proposed independently by Davis (1951) and Chandrasekhar & By pos = f\/% OV]os
Fermi (1953). ’ o
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

* Proposed independently by Davis (1951) and Chandrasekhar & By pos = f\/% OV]os
Fermi (1953). ’ o
1
op = 3 tan_lg
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

ov
. Propc')sed independently by Davis (1951) and Chandrasekhar & BO,pos =& /471',5 los
Fermi (1953). / 0P
~04-0.6
1 U
op = 3 tan E
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The Davis-Chandrasekhar-Fermi technique
The classical DCF method

. Prop(?sed independently by Davis (1951) and Chandrasekhar & By pos = §1/4yr)5 5
Fermi (1953). ¢

* Underlying assumptions:

- turbulence is purely Alfvénic, ~04-0.6

— the rms velocity and magnetic field fluctuations are isotropic,

— the angle between the POS projected turbulent and mean
magnetic field is small, and

- the turbulent field is much weaker than the mean field 1 U
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The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

Lf - turbulence driving scale

To Lios - LOS depth
observer |

Cho & Yoo 2016

DESY. | UP | DCF with GSA | Parth Pavaskar | Obertrubach, 07.10.2022



The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

Lf - turbulence driving scale

To Lios - LOS depth
observer |

0b
0p ~ L \/Lf/Llns

By ,pOs
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The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

Lf - turbulence driving scale

To Lios - LOS depth
observers [T~

Cho & Yoo 2016
\/ L f [ Lios

f | 56 ~ ob 001, pos
B ,pos

Llos

The classical method does not consider the effects of the driving scale of turbulence
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The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

Lf - turbulence driving scale

To Lios - LOS depth
observers [T~

Cho & Yoo 2016
f | 0p ~ \/Lf [ Lios

ob | 001, pos
BD,pos

Llos

The classical method does not consider the effects of the driving scale of turbulence

Modified DCF method:
6VC

BOpos—g 5¢)
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The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

To [
observer

Cho & Yoo 2016

Llos

Lf - turbulence driving scale

L]DS - LOS depth

ob
0p ~ P \/Lf/Llns

BD,pos

The classical method does not consider the effects of the driving scale of turbulence

Modified DCF method:
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The Davis-Chandrasekhar-Fermi technique
The modified DCF method (Cho & Yoo 2016)

Lf - turbulence driving scale

To Lios - LOS depth
observers [T~

Cho & Yoo 2016
f | 0p ~ \/Lf [ Lios

ob | 001, pos
BD,pos

Llos

The classical method does not consider the effects of the driving scale of turbulence

Modified DCF method: WVe—t—> V= f Vios 1i (Vios) dVios X f I; (Vigs) dVios
BOaPOS — é‘ 4ﬂ.p 6‘¢)

» ~0.7-1.0
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Ground-state-Alignment

Polarization of spectral lines
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Ground-state-Alignment -t} Ang. momentum

. _ —» Radiation field
Polarization of spectral lines

Iy

L.
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Ground-state-Alignment -t} Ang. momentum

L. : —» Radiation field
Polarization of spectral lines
— B field
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Ground-state-Alignment

Polarization of spectral lines

Ground-state-Alignment refers to the
differential occupation of sublevels of the
ground state.
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Ground-state-Alignment

Polarization of spectral lines

Ground-state-Alignment refers to the
differential occupation of sublevels of the
ground state.

Conditions for GSA effect:

— Anisotropic radiation

— Fine (or hyperfine) structure in the ground
state

— Radiative dominant regime

— Long lived ground (or metastable) state
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Ground-state-Alignment

Polarization of spectral lines

Ground-state-Alignment refers to the
differential occupation of sublevels of the
ground state.

Conditions for GSA effect:

— Anisotropic radiation

— Fine (or hyperfine) structure in the ground
state

— Radiative dominant regime

— Long lived ground (or metastable) state

VL>RF>T;]
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Ground-state-Alignment S Il (J,=1/2) absorption

Polarization of Spectral Iines 014 ‘_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, H..
012} ~_

. 01F /
Ground-state-Alignment refers to the \
differential occupation of sublevels of the 008 K
ground state. 0.06 "

£ 0.04}
Conditions for GSA effect: 0.02}
D-
— Anisotropic radiation ~0.02} |
_ . _ ' \ ) —— 0=45°
— Fine (or hyperfine) structure in the ground -0.04¢ S , ~ 9=90°]]
state 006 Sty
70 20 40 60 BDH 100 120 140 160 180
- Radiative dominant regime ¢ Yan & Lazarian 2006
— Long lived ground (or metastable) state 1503 (J1,6,) sin®p 0} |
P
V2+03(J1.6,) (1 - L5sin’6p) )
vy > Ry > T;]
o = PolPy , @hy, = ALL2UL DL L0 )
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A numerical study

Simulation setup

* Basic setup — step 1
— 3D ideal MHD simulation with a finite-
difference scheme (PENCIL)
— External magnetic field along box-X axis

— Anisotropic box-parallel radiation field from an
O-type-like star placed along X axis

— Ornstein-Uhlenbeck process to force
turbulence solenoidally with specific driving
wavenumber

- Line-of-sight is fixed along the Z direction
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A numerical study

Simulation setup
* Expanding the parameter range — step 2

* Basic setup — step 1 - Repeat simulations for varying Alfvén mach
numbers (sub-Alfvénic to trans-Alfvénic)
-~ 3D ideal MHD simulation with a finite- - Rotate the sim. box so the B, scans the full

difference scheme (PENCIL) solid angle

— External magnetic field along box-X axi
X ghetict g bOX=A axis — Change the radiation field inclination angle in

— Anisotropic box-parallel radiation field from an the XZ plane
O-type-like star placed along X axis

— Ornstein-Uhlenbeck process to force
turbulence solenoidally with specific driving
wavenumber

- Line-of-sight is fixed along the Z direction
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Simulation setup
* Expanding the parameter range — step 2

* Basic setup — step 1 - Repeat simulations for varying Alfvén mach
numbers (sub-Alfvénic to trans-Alfvénic)
-~ 3D ideal MHD simulation with a finite- - Rotate the sim. box so the B, scans the full

difference scheme (PENCIL) solid angle

— External magnetic field along box-X axi
X ghetict g bOX=A axis — Change the radiation field inclination angle in

— Anisotropic box-parallel radiation field from an the XZ plane
O-type-like star placed along X axis A
— Ornstein-Uhlenbeck process to force ‘Z
turbulence solenoidally with specific driving
wavenumber

- Line-of-sight is fixed along the Z direction
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A numerical study

* Synthetic observations — step 3

— Calculate linear Stokes vector at each grid for the [C [I] A157 um fine structure emission line
- Intensity (density) weighted LOS integration to obtain synthetic polarization maps
— DCF analysis using pol. maps and line widths

— Repeat over entire parameter range
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A numerical study

* Synthetic observations — step 3

— Generate linear Stokes vector at each grid for the [C II] A157 um fine structure emission line
- Intensity (density) weighted LOS integration to obtain synthetic polarization maps
— DCF analysis using pol. maps and line widths

— Repeat over entire parameter range

Name  Resolution Alfvén Alfvén Mach Sonic Mach Driving
velocity (v4a)  number (M)  number (M)  wavenumber (K f) B, pos
d 017 5123 0.17 1.10 1.87 2 0.94
d 024 5123 0.24 0.70 1.68 2 1.00
d_030 5123 0.30 0.66 1.98 2 1.17
d_040 5123 0.40 0.50 2.00 2 1.16
d_050 5123 0.50 0.40 2.00 2 1.32
d_060 5123 0.60 0.33 1.98 2 1.23
d_070 5123 0.70 0.26 1.82 2 1.30 Pavaskar et al. 2022
k_024 5123 0.12 0.50 2.50 10 1.31
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A numerical study

Sample results Pavaskar et al. 2022

P 1 1 ‘
* Sample results from 3 _ /
different data-cubes M,=0.7 ( — ( ) ( ))—' \ 30
&-&) TUA) l.

* Radiation field direction is

fixed along x-axis (6, = 90°)

2.0
. MA=O.5 ': et I —_ 1.5

—p» Mean B-field }
—» Radiation field — s . 1.0
IO.S
0.0

M,=0.3 - — — i
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Take-home message

It works!

— DCF technique can be employed with polarization from GSA effect.

— Itis possible to observe polarization and velocity dispersion signatures from the same
spectral lines.

— The method is readily applicable on valid transition lines from archival polarimetry data.
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It works!
— DCF technique can be employed with polarization from GSA effect.

— Itis possible to observe polarization and velocity dispersion signatures from the same
spectral lines.

— The method is readily applicable on valid transition lines from archival polarimetry data.

¢ Pavaskar et al. 2022, MNRAS
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Take-home message

It works!

— DCF technique can be employed with polarization from GSA effect.

— Itis possible to observe polarization and velocity dispersion signatures from the same
spectral lines.

— The method is readily applicable on valid transition lines from archival polarimetry data.

¢ Pavaskar et al. 2022, MNRAS

Further work to be done

— A better filter to break the Van-Vleck degeneracy.

— 3D tomography of ISM magnetic fields in PPV space using thin velocity-slice analysis.

DESY. | UP | DCF with GSA | Parth Pavaskar | Obertrubach, 07.10.2022

10



Thank you

Contact
Deutsches Elektronen- Parth Pavaskar
Synchrotron DESY Deutsches Elektronen-Synchrotron Zeuthen

Institut fur Physik und Astronomie, Universitat Potsdam

www.desy.de parth.pavaskar@desy.de
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Extra slides

GSA regime according to magnetic field strength

Level interferences occur ,
: : B(G)

Av(cm/s)
107 ’
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level:
Hanle
effec;t
105 TRE- !

10 10°

Han:le Saturated 5
raph

Atomic effect Hanle
| - effect .
realignment elte Zeeman
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A i Yan & Lazarian 2008
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176102 510° 176102 VL (sT)
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Extra slides

Emission and absorption lines and their theoretical max. polarization according to GSA
Calculated for ISRF

Emission LiNgs

Wavelength |Prmax|
Species Lower State Upper State (A) (%)
S e 483, 4P 1253.81 30.6
4Psp 1259.52 314
O T e 3Py 357 1306 16
3P RAN 1304 8.5
3P, 385° 1302 1.7
3P 35° 5555, 6046, 7254 23
3Py 3D’ 1028 4.29
3P, 3De 1027 7.7
3P iDe 1025 10.6
P 3D° 5513, 5958, 7002 1.3

ABsorpTION LINES

Wavelength P

Species Ground State Excited State (A) (%)

TH I adfFsn z4G¢, 3384.74 —0.7
z4F%, 3230.13 0.7

Z4F3, 3242.93 2.9

z4D3, 3067.25 29

24Dy, 3073.88 7.3

Yan & Lazarian 2012
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Extra slides

Sub-mm emission and absorption lines and their theoretical max. polarization according to GSA
Calculated for SFR

Table 1. Maximum polarisation for submillimetre emission lines.

Species Transition Wavelength max(P)

[C1] 3P, — 3Py 610 pum 21 per cent”
[C1] 3P, — 3P 370 um 18 per cent?
[Cu] 2Py, — 2P, 157.7 pm 28.5 per cent”
[O1] 3P| — 3P 63.2 um 4.2 per cent”
[Si1] 3P, — 3Py 129.7 pm 20) per cent”
[Si1] 3P, — 3P, 68.5 um 18 per cent”
[Sin] 2P3, — 2P0, 34.8 um 12.6 per cent”
[S1] 3Py — 3P 25.2 pm 3.2 per cent”
[Fe ] abDqp — abDg > 26.0 pum 4.9 per cent”

Table 2. Maximum polarisation for submillimetre absorption lines.
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Species Transition Wavelength max(P/t)
[C1] 3P, — 3P> 370 um 2 per cent”
[O1] 3Py — 3P 63.2 um 30.8 per cent”
[O1] 3P — 3Py 145.5 pum 49.1 per cent”
[S1] 3P; — 3P 25.2 um 30.1 per cent?
[S1] 3P — 3P 56.3 pm 45.2 per cent”
[Si1] 3P, — 3P> 370 pum 2 per cent”
[Fe ] abDgsr — abDq 2 26.0 pm 9.9 per cent/

Zhang & Yan 2018
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Extra slides
The DCF method bones

Proposed to measure the mean magnetic field strength based on the
theory of Alfvénic turbulence.

Such that :

— The rms velocity and magnetic field fluctuations are isotropic and

— The angle between the POS projected turbulent and mean magnetic

field is small,

— The turbulent field is much weaker than the mean field

we get the field strength in terms of observables

DESY. | UP | DCF with GSA | Parth Pavaskar | Obertrubach, 07.10.2022

ob
4rp

OV ~

— ov
B0, pos ~ Vanp

5b/80,pos
0b ~ 6b1 pos, OV ~ 0Vigs

5bJ_,los
B(), pos

~tan(o@d) ~ 0¢

- 5V1
BO,POS = &ENaAnp 5(;)8
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Extra slides

Driving scale discrepancy in DCF

However, the classical method does not consider

. . * |f the driving scale is shorter than the characteristic length-
the effects of the driving scale of turbulence J J

scale of the cloud, multiple independent eddies exist along

the LOS
y I bde * In such a case, each eddy contributes randomly to the
:!; T observed turbulent field perp. to the mean field along the
Z > LOS -
X IBO,Skde Bx,obs & f (Bx + by)dz ~ B(),posLlos

* However, there is no effect on the observed field along the
mean field

Lios
T By obs f bydz ~byLy|Lios/Ly
By obs  6b 0bi,pos [
y,obs y 1,pos
Cho & Yoo 2016 S¢p ~ ~ /Lf/Llos ~ Ly /Lyos
Bx,obs B(),pos B

0,pos

To
<
observer

Lf @ BO,Sky

15
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Extra slides
The modified DCF method (Cho & Yoo 2016)

The primary aim of the modified DCF method is to remove the averaging n
effects ;|

* To get an accurate estimate of the mean field strength, a correction of the a
the factor of /1, ./L, must be applied.

* The dispersion of LOS velocities normalized by the dispersion of the

velocity centroids give a good measure of this factor i.e \/

- ~ VN ~ [Lyos/L ¢
5V, 105/ f

. . 6V
Thus, we can r.e.place OV]os bY 0V, in the DCF equation BO pos = f ) /4jrlr ¢
to get the modified DCF method
with ¢ = 0.7 - 1
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>
Vlos

Cho & Yoo 2016
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Extra slides

The primitive Van Vleck filter and dependence on radiation direction

* We see that the VV degeneracy becomes more apparent
as the angle between radiation field and LOS decreases

from 90°

* Asimple filter was applied to the observed synthetic
polarization maps to account for the VV flipping errors.
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PF =

0ij — On

On

(BDCF/B rms)O, pos

1.2
T ‘.—___..— -——.
L1 oe——"" -
'—”’ —"—‘—_—
1.0' -—”—‘.
0.9 .__——’.' —e- without Van Vleck filter
0.81 =8~ with Van Vleck filter
1.2
_-——"."'___-.
i .—___.._ —
11 o——"" -
== - _—‘.—_—
1.04 @ ”,,o—
091 go==—"7
0.8 A
1.2
_-—-—'.__—_-.
| .——__‘_ —4
L1 oe——"" -
—’—— -
1.04 @ o——"
t"”
0.9_ '————
0.8 A

20 30 40 50 60 70 80 90

d_024 (Ms=0.70)

d_040 (Ma =0.50)

d_060 (Ma=0.33)

Pavaskar et al. 2022
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