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Dense ISM Magnetized on all scales

Planck 353 GHz, Soler et al. 2020

~50 pc



Dense ISM Magnetized on all scales

SOFIA HAWC+, Chuss et al. 2019

~1 pc



Dense ISM Magnetized on all scales

SOFIA HAWC+, Chuss et al. 2019



Dense ISM Magnetized on all scales

ALMA 1mm, Cortes et al. 2021

~0.1 pc



Tools & Techniques
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Tools & Techniques

Wavelength Method Facility
Resolution 

1-2 µm extincted starlight 
MIMIR/Perkins 
IAGPOL/PdD 
SIRPOL/IRSF 

Pencil beam

217 µm dust continuum SOFIA/HAWC+ 19”

870 µm dust continuum APEX, JCMT, CSO 10-18”

1mm/870 µm dust continuum SMA, ALMA <2”

Dust grains in molecular clouds become aligned with their major axes preferentially 
oriented perpendicular to the magnetic field most likely through radiative torques 
(Lazarian 2007, Andersson, Lazarian, Vaillancourt ARAA 2015)  

Pattle & Fissel 2019 for an observation overview



Recipe for Star Formation

Gravity vs. Magnetic Field: "Turbulence" vs. Magnetic Field:

mass–to–flux ratio

μ > 1 => gravity dominates

Alfven Mach number

MA > 1 => turbulence dominates



Analysis of Polarized Dust Emission
Chandrasekhar-Fermi formula:

Straightness of field lines
Magnetic Energy

Kinetic Energy

Weak Field Strong Field

Federrath. 2011 Nakamura & Li 2008



Giant Molecular Clouds



Cloud Structure and Magnetic Fields

PlanckXXXV,  Soler et al. 2020

“mean relative orientation between NH and B⊥ toward these regions increases progressively from 0◦, 
where the NH structures lie mostly parallel to B⊥, with increasing NH, in many cases reaching 90◦, 
where the NH structures lie mostly perpendicular to B⊥”

~50 pc



Relation to Gas Volume Density

Fissel et al. 2019. See also Alina et al. 2019 
for clump scale analysis

field parallel 
to elongation

field 
perpendicular to 

elongation

transition density of 103 cm–3

~20 pc



Zooming into Dense Filaments within GMCs

HAWC+ Band E, Li et al. 2021 POL2, Pattle et al. 2017

~1 pc~0.2 pc~1 pc



Zooming into Dense Filaments within GMCs

Pillai et al. 2020Arzoumanian  et al. 2021

~1.5 pc



Alignment Transition

Pillai et al. 2020

new transition 
at high densityknown transition 

at low density



Infrared Dark Clouds

Pillai et al. 2015

small angular extent => cannot use Planck

more massive molecular clouds, more representative of galactic SF



Soam et al. 2019
Santos et al. 2016

general observation:
magnetic field oriented perpendicular to filaments



Even more Extreme IRDCs: Galactic Bones

Jackson et al. 2010, Goodman et al. 2014



SOFIA HAWC+: FIELDMAP Survey

about a dozen Galactic 
Bones

Stephens et al. 2022



Dense Cores 



Low-Mass Prestellar Cores
Pattle et al. 2021

μ~1

L1544 Envelope, HI, μ ~ 3.5

Ching et al. 2022
Crutcher et al. 2009

L1544 Core, OH

Clemens et al. 2016

L1544



Protostellar Cores

Maury et al. 2018. See also Girart et al. 2006

structure resembles 
pinched magnetic 

field



More complex systems as well

Sadavoy et al. 2019 Hull et al. 2017



High-Mass Cores

results:
• most outflows orthogonal to the parent filament 
• Consequence of filament fragmentation?

Shuo Kong et al. 2019



High-Mass Cores
The Magnetic Field in G28.34 7

Figure 2. (Continued)

6 Liu et al.

Figure 2. Dust continuum and magnetic orientation maps. The Stokes I of the ALMA 1.3 mm continuum is shown in gray
scales and in contours. The ALMA 1.3 mm continuum of three clumps are also shown in contours. The contour levels are (±3,
6, 10, 20, 30, 40, 50, 70, 90, 110, 150, 180, 210, 250, 290, 340, 390, 450) ⇥�I , where �I is the rms noise of the Stokes I maps
(see Section 2). Line segments represent the orientation of the plane-of-sky magnetic field and have arbitrary length. Red and
cyan line segments correspond to data with PI/�PI > 2 and PI/�PI > 3, respectively. Blue dashed regions indicate the areas
of MM1-Core1 and MM4-Core4 in which the polarization data are used for the angular dispersion function analysis. The size
of the synthesized beam are indicated in the lower left corner of each panel.
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Figure 2. (Continued)

(Ragan et al. 2012). Adopting T0 = 38 K, r0 = 100
AU, L0 = 1 L�, q = 0.4 (Motte & André 2001), and
a background temperature of 20 K (Wang 2018), the
average temperature of Condensation 1 within a radius
of mean FWHM (FWHMmean) is measured to be 57.0
K. A temperature of 30 K (Wang et al. 2008) is adopted
for MM1-Core1. With a similar approach and adopting
a temperature of ⇠16 K (Wang et al. 2008), we also
derived the mass for MM4-Core4. The estimated masses
and temperatures are listed in Table 3.

The average column density NH2 and volume density
nH2 within each core and condensation are measured
using a radius equal to the FWHMmean:

NH2 =
M

µH2mH⇡FWHM2
mean

, (9)

nH2 =
3M

4µH2mH⇡FWHM3
mean

, (10)

where µH2 = 2.86 is the mean molecular weight per hy-
drogen molecule (Kirk et al. 2013; Pattle et al. 2015)

results:
complex magnetic orientation in a gravity–dominated regime
half of the outflows in the youngest cores aligned with core–scale B–field

J. Liu et al. (2020)



High-Mass Protostars

very complex field geometry on small spatial scalesBeuther et al. 2020

Sanhueza et al. 2021



Canonical Knowledge about Magnetic Fields

~ 100 pc

Crutcher (2010, 2012)



Compendium of Dust-Based Measurements

strength could have large uncertainties (Liu et al. 2021), we
refrain from further interpreting the derived power-law index
from the referenced B–n relation.

We reinvestigate the B–n relation from our new estimations.
We convert our estimated plane-of-sky total magnetic field
strength to the 3D total field strength with the statistical relation

B B3D
tot,est 3

2 pos
tot,est� (Liu et al. 2021) and show the relation

between B3D
tot,est and nH2 in Figure 3(b). The conversion from

plane-of-sky field strength to 3D field strength for the total field
has less uncertainties than the uniform field and is thus more
reliable (Liu et al. 2021). Similarly, we fit the relation with a
simple power-law B∝ n j and derive a power-law index of
0.57± 0.03 by assuming uncertainties of a factor of 2 for both
parameters. Data points from Planck observations are not
considered in the fitting as well.

Our derived power-law index of 0.57 is between the value
expected for a strong field model ( j 0.5) and for a weak field
model ( j∼ 2/3). The estimated index is shallower than the
value of 0.65 found by previous Zeeman observations
(Crutcher et al. 2010), which might be due to the different
physical conditions traced by Zeeman observations and dust
polarization observations (Poidevin et al. 2013). The B∝ n0.5

dependence of the DCF method may bias the power-law index
toward j= 0.5 (see discussions below in the same section),
which might also be responsible for our lower j value compared
to the Zeeman results. Our estimated index is also different
from the value of 0.66 found by a collection of DCF
estimations in 17 dense cores (Myers & Basu 2021), which
might be due to their much smaller sample size.

As addressed in Li (2021), there could be some problems
when comparing the observed B–n relation with the B–n
relation of theoretical models. First, the observed B–n relation
is based on a collection of different sources, while the B–n
relation of theoretical models is based on the temporal
evolution of a single structure. Also note that the temporal
B–n index may not be a constant of time (Li 2021). Therefore,
it is still under debate whether the observed B–n relation is
comparable to the model B–n relation.

The investigation of the B–n relation using DCF estimations
could be limited by the B nr dependence of the DCF
method. If we divide both B and n by n , the B–n relation is
reduced to the relation between ( )v B Blos t

1E � and n ., i.e.,
B n j0.5r � a, where ( )v B B nlos t

1 j
2E r� a
. However, the volume

density spans over seven orders of magnitude in our sample,
while the velocity dispersion and the turbulent-to-total field
strength ratio (whether derived from ADF method or in the
form of angular dispersions) span only one order of magnitude
(see Appendix B). This could limit the sensitivity of using the

( )v B B nlos t
1E �� relation to derive ja. Thus, the derived

B–n relation might be mostly determined by the B nr
dependence of the DCF formula.
The large scatters of the B–n data points and the

uncertainties associated with B and n could also be
problematic. As shown in Figure 3(b), although the B–n
relation shows a clear power-law, the magnetic field strength
can span up to 2 orders of magnitude at a give volume density.
Thus, the fitted power-law index could be very unreliable,
especially when we are only assuming an uncertainty of a
factor of 2 (R= 2) for both B and n. Previous studies have
shown that the uncertainties of the density and magnetic field
strength estimates could be larger than a factor of 2 (Tritsis
et al. 2015; Jiang et al. 2020; Liu et al. 2021). We vary the
uncertainties of the volume density (Rn) and the magnetic field
(RB) from 1.1 to 40 and refit the data to derive j for each pairs
of Rn and RB. The results are shown in Figure 4. We can see
from Figure 4 that j= 0.57 is only obtained when Rn ∼ RB.
When Rn and RB are different, even only for R< 2, the fitted j
can vary from 0.5–0.8 for our data, which makes it impossible
to compare the derived j with a strong field model ( j 0.5) or
a weak field model ( j∼ 2/3). Thus, we conclude that we
cannot give a reliable estimate of j for our sample when the
uncertainties of n and B are unknown.

3.2.2. B− N Relation

The relation between the magnetic field B and the column
density NH2 can be used to investigate the relative importance
between magnetic field and gravity. Based on the virial

Figure 3. (a) Relation between the referenced 3D uniform magnetic field strength and the volume density. (b) Relation between our estimated 3D total magnetic field
strength and the volume density. Example error bars for uncertainties of a factor of 2 are shown for several sources at different densities. Different symbols represent
different instruments. Different colors represent different methods. The green dashed lines are the results of least-squares fits. The gray dashed lines mark the relation
found in Zeeman observations (Crutcher et al. 2010) for comparison.
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The Astrophysical Journal, 925:30 (19pp), 2022 January 20 Liu, Qiu, & Zhang

slope of 0.57
=> between prediction for strong and weak 

field
Liu et al. 2022

Data consistent with neither highly sub-Alfvenic 
nor super-Alfvenic turbulence



Magnetic Field vs. SF Rate

Soler 2019

No obvious trend…
…but SFR per unit mass also hard to measure



Connection to Larger scale ISM

Borlaff et al. 2021, HAWC+



SIMPLIFI

Strategy: Pick filaments at different evolution. But different initial conditions

How does the Initial Sub-Alfvenic Field Evolve as Cloud Evolves?



SIMPLIFI Fact Sheet
Status: Pilot Phase Fall 2021. 

Main driver: SOFIA HAWC+ 217 micron dust continuum 
polarimetry at ~18” resolution  

Complementary Polarization data: NIR polarization (H 
& K band with the MIMIR and Pico Dos Dias Instrument), 
ALMA dust continuum polarimetry for a subset 

Spectral Lines: low J transitions of CO, 13CO, C18O, 
N2H+, HCO+ etc.  

Targets (full survey): Representative Gould Belt regions 
and Distant high-mass filaments 

PI: T. Pillai
L. Fissel, D. Clemens, P. Myers, M. Heyer, P. Goldsmith, J. Kauffmann, 
D. Dowell, G. Franco, P. Hennebelle, K.M.Menten, F. Wyrowski, 
H.  Wiesemeyer, J. Soler, K. Sugitani, Youngmin Seo, D. Seifried, S. 
Reissl, R. Banerjee



Summary



Summary

• MHD turbulence pervades large scale molecular cloud structure
• Magnetic field maps start to pinpoint gravity dominated regimes on cloud scales
• Limited data to establish any influence of magnetization on outflows or  SFR
• Prestellar cores are magnetically critical to super-critical 
• Hourglass field morphology observed towards some protostars
• Picture still unclear for high-mass stars inc. initial conditions
• A golden era for magnetic field studies in dense ISM with new instruments. 

Multi-wavelength and multi-scale polarimetry enabled by HAWC+/ALMA will 
play a major role in the near future.


