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ROLE OF MAGNETIC FIELDS IN GALAXIES

Main goal: Study the role of magnetic fields in the interstellar medium of nearby galaxies

Magnetic fields play important roles in:
dynamical evolution of the interstellar medium of galaxies,
processes governing formation of stars, and
dynamical evolution of galaxies.

What is the geometry of these large-scale magnetic fields?
What are the dominant physical mechanisms of these large-scale magnetic fields?



ROLE OF MAGNETIC FIELDS IN GALAXIES

Main goal: Study the role of magnetic fields in the interstellar medium of nearby galaxies

Magnetic fields play important roles in:
dynamical evolution of the interstellar medium of galaxies,
processes governing formation of stars, and
dynamical evolution of galaxies.

What is the geometry of these large-scale magnetic fields?
What are the dominant physical mechanisms of these large-scale magnetic fields?

IR-submm polarimetry has shown to be a powerful tool to study B-fields.

~3000 pc-scale galactic spiral magnetic field ~100 pc-scale magnetic field in inner-bar ~10 pc-scale magnetic field in the torus
(SOFIA/JHAWC+: FIR polarimetric observations) (GTC/CanariCam: MIR polarimetric observations) (ALMA: sub-mm polarimetric observations)

- 10.05

g
o
=

Dec (ICRS)

0.03

Polarized Flux (mJy/beam)

o
o
~
ol

SW Lobe S 0.01

8.7 ym

0.00

2h42m40.72¢ 40.71° 40.70°
RA (ICRS)

B-field (89 pm - SOFIA/HAWC+)

Lopez-Rodriguez et al. 2019%a Lopez-Rodriguez et al. 2015 Lopez-Rodriguez et al. 2019b



MAGNETIC FIELDS INFERRED BY POLARIMETRIC TECHNIQUES: OPTICAL-NIR

Example:
- M51 at optical shows an almost azimuthal polarization pattern with P<2% (Scarott et al. 1987)
- M51 at H-band shows P<0.05% across the host galaxy (Pavel et al. 2012))

The combination of Optical and NIR rules out a dichroic absorption polarization origin.

Optical-NIR polarimetry mainly suffers from dust/electron scattering.
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MAGNETIC FIELDS INFERRED BY POLARIMETRIC TECHNIQUES:

In the radio wavelength, the emission arises from non-thermal physical processes.
Radio observations at cm measure the synchrotron radiation in the diffuse ISM
from relativistic electrons (sensitive to the cosmic ray electron population).

Radio polarimetry traces the magnetic fields ‘illuminated’ by relativistic electrons.

Example:

M51 at radio cm wavelengths shows large-scale spiral magnetic fields (Fletcher et al. 2011)
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MAGNETIC FIELDS INFERRED BY POLARIMETRIC TECHNIQUES:

Optical-NIR polarization suffer of dust/scattering polarization
Radio wavelength traces the diffuse ISM and samples the relativistic electrons.
» Faraday rotation needs to be taken into account.

FIR wavelengths:
» Sensitive to temperature (helps to separate regions along the LOS)
» Traces the total gas and dust in the dense ISM.

The influence of magnetic field in the dust at several galactic scales is investigated
using FIR polarimetric observations

NGC 1068




UNDERSTANDING POLARIZATION ARISING BY MAGNETICALLY ALIGNED DUST GRAINS
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POLARIMETRY: OBSERVATIONAL STRATEGY

We need:

- FIR observations to trace the polarized emission by magnetically
aligned aligned dust grains.

- High-spatial resolution observations to obtain sensitive
polarimetric measurements
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NGC 1068: NEAR-IR IMAGING POLARIMETRY

If dust grains are aligned, then we should measure some level of polarization
and infer the B-field morphology.
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Polarization enhances the observed emission in the ionization cones and core

lonization cone: dust scattering
Core: dichroic absorption



INSTRUMENTATION

SOFIA/THAWC+
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2.7-m telescope
0.3-300 microns
7 First generation instruments: cameras, spectrometers & high-
spectrometers. New instrument: imager-polarimeter at 50-200 microns (HAWC+)
Mach 0.85 (560 mph ~ 901 kmh)
37,000 - 45,000 ft
Flight crew 3; Mission crew 2-6, Scientist 1-3, Educators 5-15
10 hours overnight

B P —— —"

11



SOFIA: INSTRUMENT SUITE

The SOFIA Instruments
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HAWC+: SPECIFICATIONS

Pl: Darren Dowell (JPL)

HAWC+ observes total
and polarized emission
of dust grains at five
different wavelengths in
the range of 50-250
micrometers.

Bl The far-infrared emission, detected by HAWC+,
samples different dust temperatures in the range of

10K to 100K.

Band / AN Angular |Total Intensity| Polarization
Wavelength Resolution | FOV (arcmin) | FOV (arcmin)

A /53 um 0.17 4.7 FWHM 2.7x1.7 1.3x1.7
B2/63um 0.15 5.8” FWHM 42x2.6 2.1x2.6
C/89 um 0.19 7.8” FWHM 4.2x2.6 2.1x2.6
D/154um 0.22 14" FWHM 7.3x4.5 3.6x4.5
E/214um 0.20 19” FWHM 8.0x6.1 40x6.1

polarizer pupil carousel
& half-wave plates
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SOFIA POLARIMETRIC OBSERVATIONS OF
NGC 1068

THE SPIRAL MAGNETIC FIELD




PHYSICAL STRUCTURES OF NGC 1068:

- Grand-design spiral galaxy at 13.5 Mpc (1" = 65 pc)
- Active galactic nuclei (Seyfert 2)
= Circumnuclear starburst

15




PHYSICAL STRUCTURES OF NGC 1068:

Nuclear reflection
cone (HST/FOC)

S

"% . Optical galaxy

Associated with the AGN:
> Narrow line-region (ionization cone)
> ~1.3 kpc(20”) at PA~400
> North protruding toward us out of the
plane of the galaxy.
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Nuclear reflection N GC 1068

cone (HST/FOC)
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o g Radio jet
(MERLIN)




Nuclear reflection N GC 1068
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PHYSICAL STRUCTURES OF NGC 1068:

- CO is mainly distributed in the starburst ring.
- HC3N is abundant in the CND
- CSis distributed both in CNS and starburst ring.

HC3N (yellow), CS (red), CO (blue) observed by ALMA

Takano et al. (2014)
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HAWC+ 89 um OBSERVATIONS:

NGC 1068

| (0.814 pm - HST/ACS)

B-field (89 pm - SOFIA/HAWC+)




SPIRAL MAGNETIC FIELD: AXISYMMETRIC SPIRAL STRUCTURE MODEL |

Logarithmic spiral B-field (W: pitch angle): B-field viewed at inclination, i, and tilt, 6, angles:
B, =—DBy(r)sin(¢ + V) cos x(z) Bys = By cosf + (B, cost — B, sini) sin6
By = By(r) cos(¢ + ¥) cos x(2) Bys =—B,sinf + (B, cosi — B, sint) cos
B = By(r)sin x(z) B,s =Bysini + B, cost
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SPIRAL MAGNETIC FIELD: AXISYMMETRIC SPIRAL STRUCTURE MODEL |

Logarithmic spiral B-field (W: pitch angle): B-field viewed at inclination, i, and tilt, 6, angles:
B, = —Bo(r)sin(¢ + ¥) cos x(z) Bys = By cosf + (B, cost — B, sini) sin6
By = Bo(r) cos(¢ + ¥) cos x(2) Bys =—B,sinf + (B, cosi — B, sint) cos
B = By(r)sin x(z) B,s = Bysini + B, cosi
Bayesian inferred angles: Best family of solutions:
o) = 1690125 - P and PA varies as a function of the azimuthal angle,
L i which arises from the projection and inclination of the
disk field component in the plane of the sky
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SPIRAL MAGNETIC FIELD: AXISYMMETRIC SPIRAL STRUCTURE MODEL Il
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Dec (J2000)

SPIRAL MAGNETIC FIELD:

89 um: The logarithmic spiral model traces the star-forming regions along the spiral arms.
- Spiral between the optical at 0.46 um and the CO (J=1-0) emission (table).
- Spiral spatially coincident with the H, velocity field and HIl regions
- HIl regions were enhanced by a burst in the past 30 Myr (Davies, Sugai & Ward 1998)

0 Tracer Pitch angle (°)

0.46 um 20.6 = 4.50°
40" R-band 17.3 £ 2.20
Ha velocity field 150
CO (J=1-0) 7-100
01'00" 89 um (HAWC+) [EEEXEPX-E
20"

2h42M435425 415 405 395  38°
RA (J2000)
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Dec (J2000)

THE CENTRAL REGION:

- Within the central region (<2 kpc):
- Large-scale coherent magnetic field aligned with the inner-bar (black line)
- Spiral model cannot explain this area because the model does not fulfill the divergence-free
requirement and/or the different magnetic field morphology.

W=19.90%2]",i=48.1*18",0=37.8+1.7°

P g B LR FE P S S iy T W e
L Qi D e AR SR B P o i i N N RSN
1_5ﬂI//////////// ///////// NS NN N SN
I DEGE L o i P 2 e S N A SRR R IR NN NN
[ (N RS Y S S R L - e N R LR A S R SR
-0O° ! n L1 L E AT d i g e e g e R NN R RN
O 0020 10" A YWY Ei g i 7 o s2aiss SRRSO N NN
' V0 xNYr vl s/ meme—m——— RN NN NN N N
1Y 1110\ YV ]! 7 77=—=—~~~S~NSN>NN N N NN NN\
V VNV E L NX )T R 2 7 ememassSinNsSaNoN AN NN N
VA A S YLDl ¥ d 7T 7 st s SOSNESSS N NN NN N
. 0.5 L AT HLT VLY AR o mmmr AR A A R R R R
40 PRI 1L AN XN s OS S SAAN  NNRN
Y A AN I AN ANYYY ALY XRASAESSSSSSSSNY b aAaaAan
@) LAY L S A N N A SR AN SASNSSSSSS LA NN
L .07 L3R EF ARSI ARAYER RS ESES ARSI R Y
— A AL HASASNYS NN SERE UV RRR SN UV AR 5
AN O O O Nk 0 U T U T U U U N U O O R N ¥
o01'00" AR NANASNSNSRSKAS»Ss<s 7T 1T LAY Y LA
_0.54\\\\\\\\\\\\~——//]\\||\\\\\\\\\
ARNARNSSSSSSo~wme e X VLA TTEEY LY NA
NN NNNNSSSSSN~mS—~—=—=_- /7 0011V VU
NN NN RN e P E LY LEYY A
NEKE NSNS et st L P T EXY YLD VA
20.. _1'0‘\\\\\\\\\\\\~—/////////X\\\lI|\
RS RIS RS Ss s = - ol Al W S o/ (A A
N NN BTN NSNS S sl s e A s s e T 0 Tk 1]
\\\\\\\\\\\Nr‘-—/////////////III,
—1.5) mmm NGC 1068 (B-vectors) = — — — — R HLELRAEES ST
h \-B-model ————— - A A e e gk ol
m S S S S S S M~ S LN

2 42 43 42 41 40 39 38 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

RA (J2000) kpc



THE CENTRAL REGION:

- Within the central region (<2 kpc):

- Zero-polarization occurs between the regions of most active star formation and the points at

which the other spiral arms diverge from the starburst ring.

- The B-field directions from the model are in the sense of a larger radial component in the

observed vectors.
- If B-field traces the gas flow, these results would be consistent with inward transport of gas
at the leading edge of the inner-bar, with the highest present-day flow rates occurrent along
the NE branch of the bar.
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THE CENTRAL REGION: AGN

Dec (J2000)

- Within the central region (<2 kpc):
- Low-polarized AGN (black cross):
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Dec (J2000)

SUMMARY: THE MAGNETIC FIELDS OF NGC 1068

- FIR polarimetric observations allow to trace the magnetic field in the dense ISM.
- Optical-NIR suffers of electron/dust scattering
- Radio polarimetry traces synchrotron polarization from relativistic electrons in the diffuse ISM

7 NGC 1068
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- A ~3 kpclarge-scale spiral magnetic fields is measured on the disk of
the galaxy.

- Alogarithmic spiral model with a pitch angle tracing the star-
forming regions along the spiral arms can explain the large-scale
spiral structure.

- Within the central region (<2 kpc):

- Large-scale coherent magnetic field aligned with the inner-bar

- Zero-polarization at the location of star-forming regions at the
edges of the inner-bar.
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