
Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and column density measured by Planck towards the Taurus MC. The colours represent column density. The
“drapery” pattern, produced using the line integral convolution method (LIC, Cabral & Leedom 1993), indicates the orientation of
magnetic field lines, orthogonal to the orientation of the submillimetre polarization.

of relative orientation, so that the statistical significance of each
study is dependent on the total number of clouds observed. In a
few regions of smaller scale, roughly a few tenths of a parsec,
Koch et al. (2013) reported a preferential orientation of the mag-
netic field, inferred from polarized dust emission, parallel to the
gradient of the emission intensity.

1.0. New studies using Planck

By measuring the intensity and polarization of thermal emission
from Galactic dust over the whole sky and down to scales that
probe the interiors of nearby MCs, Planck

2 provides an unprece-
dented data set from a single instrument and with a common
calibration scheme, for the study of the morphology of the mag-
netic field in MCs and the surrounding ISM, as illustrated for the
Taurus region in Fig. 1. We present a quantitative analysis of the
relative orientation in a set of nearby (d < 450 pc) well-known
MCs to quantify the role of the magnetic field in the formation
of density structures on physical scales ranging from tens of par-
secs to approximately one parsec in the nearest clouds.

2
Planck (http://www.esa.int/Planck) is a project of the

European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

The present work is an extension of previous findings, re-
ported by the Planck collaboration, on the study of the polarized
thermal emission from Galactic dust. Previous studies include an
overview of the polarized thermal emission from Galactic dust
(Planck Collaboration Int. XIX 2014), which reported dust po-
larization fractions up to 20 % at low NH, decreasing system-
atically with increasing NH to a low plateau for regions with
NH > 1022 cm�2. Planck Collaboration Int. XX (2014) presented
a comparison of the polarized thermal emission from Galactic
dust with results from simulations of MHD turbulence, focus-
ing on the statistics of the polarization fractions and angles.
Synthetic observations were made of the simulations under the
simple assumption of homogeneous dust grain alignment e�-
ciency. Both studies reported that the largest polarization frac-
tions are reached in the most di↵use regions. Additionally, there
is an anti-correlation between the polarization fraction and the
dispersion of the polarization angle. This anti-correlation is well
reproduced by the synthetic observations, indicating that it is es-
sentially due to the turbulent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2014) analyzed the relative orientation between density struc-
tures, characterized by the Hessian matrix, and polarization, re-
vealing that most of the elongated structures (filaments or ridges)
have counterparts in the Stokes Q and U maps. This implies
that in these structures the magnetic field has a well defined
mean direction at the scales probed by Planck. Furthermore, the
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The Vela Molecular Ridge (250, 350, and 500 μm)"
BLAST	Collaboration.	Netterfield	et	al.,	2009	

~20 pc 

•  Why	is	star	formation	efficiency	so	low?	
(~1%)	

•  What	physical	mechanisms	set	the	initial	
mass	of	stars,	and	does	this	distribution	
vary	with	star	formation	conditions?	

•  How	do	the	conditions	of	star	formation	
affect	the	formation	of	protoplanetary	disks	
and	planets?	

	

Why	do	we	study	the	detailed	mechanics	of		
star	formation?	



What	regulates	Star	Formation?	

Supersonic	Turbulence	 Magnetic	Fields	 Feedback	

E.g.	MacLow	and	
Klessen,	2004	

Shu	et	al.,	1984	
Nakamura	and	Li,	2008	

E.g.	Krumholtz,	Matzner	
and	McKee,	2006	

(in	addition	to	gravity)	

Answer:	All	contribute	and	are	important	on	different	size	and	density	
scales.	
But	the	(by	far)	least	understood/hardest	to	observe	is	the	magnetic	
field.	



How	can	magnetic	fields	affect	star	
formation?	

Sugitani+ 2011

Inutsuka et al. 2015
Walch et al. 2015 

Influence	where	dense	
molecular	gas	clouds	form	

Cloud	Scales		

Are	magnetic	fields	strong	enough	to	influence	the	gas	motions	on	
these	different	scales?	

The Astrophysical Journal, 734:63 (8pp), 2011 June 10 Sugitani et al.
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Figure 6. H-band polarization vector map toward Serpens South for point sources having P/∆P > 3.0, P < 6.6([H − Ks] − 0.2), and P > 3.0%, superposed on
the 1.1-mm dust-continuum image of ASTE/AzTEC (R. A. Gutermuth et al. 2011, in preparation). YSOs identified by Gutermuth et al. (2008) and Bontemps et al.
(2010) are not included, but those identified by Gutermuth et al. (2008) are indicated by red (class 0/I) and blue (class II) open circles.
(A color version of this figure is available in the online journal.)

distorted by gravitational contraction along the main filament
toward its northern part, which probably contains the majority
of the mass in the Serpens South cloud. However, we should
wait for the detailed analysis of the dust-continuum data (e.g.,
R. A. Gutermuth et al. 2011, in preparation) and/or molecular-
line data to know whether the northern part has enough mass to
cause the large-scale curved magnetic field observed here.

3.2. Rough Estimate of the Magnetic Field Strength

Using the Chandrasekhar–Fermi (CF) method
(Chandrasekhar & Fermi 1953), we roughly estimate the mag-
netic field strength toward two (north and south) zones enclosed

by dotted lines in Figure 8, where, in the H-band polarization
map (Figure 6), the local number density of the polarization
vectors is relatively large and the polarization vectors seem to
be locally well ordered. Here, we calculate the plan-of-the-sky
component of the magnetic field strength, B∥, using the equa-
tion of the CF method (e.g., Equation (4) of Houde 2004) and
a correction factor, C, for the CF method (Houde 2004; Houde
et al. 2009), where we adopt C ∼ 0.3 following Sugitani et al.
(2010). In this calculation, we use the H-band sources in Figure 6
because the sample number is larger than that of the Ks-band
sources in Figure 7.

For 21 sources toward the north zone, an average θ in P.A.
is calculated to be 51.◦1 ± 9.◦6, and an average H − Ks color
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Filaments	and	Cores	

Direct	accretion	of	gas,	
possibly	slow	down	of	

collapse,	fragmentation?	
Li et al. 2014 PPVI

Sugitani 2011

1	–	100	pc	 0.01	–	1	pc	

Davidson et al. 2014

<0.01	pc	
Protostellar	Disks	

Galli & Shu 1993
Joos et al. 2012

Inhibit	formation	of	
large	disks	

Soler 2013



Using	polarized	dust	emission	to	trace	magnetic	fields	

•  Dust	grains	tend	to	align	perpendicular	to	the	B-field	through	radiative	torques	
(see	See	Lazarian	2007,	Andersson	et	al.	2015)	

•  Leads	to	polarization	parallel	to	B	(optical,	near-IR),	or	perpendicular	to	B	(thermal	
emission,	sub-mm/mm)	

•  Caveats:	
–  Only	measures	the	magnetic	field	direction	(projected	on	the	sky)	not	the	

magnetic	fields	strength.	
–  Where	the	polarization	best	traces	the	magnetic	field	depends	on	dust	

properties	(shape,	alignment	to	B,	temperature).	
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Fissel	et	al.	2016	



Dust	Polarization	with	Planck	

Orion	(d=450pc)	
Planck	beam	FWHM	10’	(1.4pc)	
PICO	resolution	@799	GHz	(0.14)	
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PICO	vs	Planck	

•  1.1	arcmin	resolution	(>10x	better	than	Planck)		
–  more	clouds	
–  can	resolve	dense	filaments	(width	~0.1pc)	and	cores	(~0.05-0.1pc)	where	

stars	are	forming	
•  Huge	increase	in	sensitivity	compared	to	ground	based	telescopes.	

–  can	access	high	frequency	bands	where	the	dust	emission	is	brightest.	

600	GHz,	1’	resolution	
(Herschel	SPIRE)	

Planck	353GHz,	10’	resolution	
(Herschel	SPIRE)	
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Key	Science	Goal	for	PICO	
Determine	whether	magnetic	fields	are	a	dominant	
cause	of	low	star	formation	efficiency.	

	Parameters	to	Constrain:	
– Magnetic	field	strength	(B)	
– Ratio	of	turbulent	to	magnetic	energy		

•  Alfven	Mach	number	MA	=	(v/vA)2,	vA=	B/(μoρ)1/2		
– Ratio	of	thermal	to	magnetic	energy		

•  Plasma	β	=	(cs/vA)2	
– Magnetic	Support	vs	Gravitational	Energy	

•  Mass	to	Flux	ratio	μ	=	M/M,	M=Φ/2πG1/2,	Φ~	πr2B	



Our	Strategy:	Statistical	Measurements	of	Polarization	Maps	
compared	to	Synthetic	Observations	of	Numerical	Models			

Weak magnetic field "
(|B0|=0.35μG)"

Strong magnetic field "
(|B0|=10.97μm)"

RAMSES	MHD	Simulations	from	Soler	et	al.	2013	

disordered		B-field		
low	NH	è	B-field	||	to	N	contours	
high	NH	èB-field	||	to	N	contours	

	

ordered		B-field		
low	NH	è	B-field	||	to	N	contours	

high	NH	èB-field	perp	to	N	contours	
	



•  Planck	



Planck	measurements	of	the	relative	
orientation	of	B-field	vs.	cloud	elongation	

for	10	nearby	molecular	clouds	

•  Planck	XXXV	found	a	change	in	relative	orientation	from	
B-field	parallel	to	cloud	structures	(low	NH)	to	
perpendicular	(high	NH).	

•  Implies	a	strong	magnetic	field	(sub-	or	trans-Alfvenic)	
•  Large	error	bars	are	due	to	low	number	of	detections	

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds
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Fig. 11. Histogram shape parameter ⇠ (Eqs. 4 and 5) calculated
for the di↵erent NH bins in each region. Top: relative orienta-
tion in synthetic observations of simulations with super-Alfvénic
(blue), Alfvénic (green), and sub-Alfvénic (red) turbulence, as
detailed in Soler et al. (2013). Middle: relative orientation in
the regions selected from the Planck all-sky observations, from
Fig. 7. The blue data points correspond to the lowest NH regions
(CrA and the test regions in Fig. 8, ChamSouth and ChamEast)
and the orange correspond to the rest of the clouds. Bottom:

comparison between the trends in the synthetic observations (in
colours) and the regions studied (grey). The observed smooth
transition from preferentially parallel (⇠ > 0) to perpendicular
(⇠ < 0) is similar to that in the simulations for which the turbu-
lence is Alfvénic or sub-Alfvéic.

might arise from the random component of the magnetic field
along the line of sight. On the other hand the sharp drop in
the polarization fraction at NH > 1022 cm�2 (reported in Planck
Collaboration Int. XIX 2014), when seen at small scales, might
be interpreted in terms of a decrease of ✏ with increasing column
density (Matthews et al. 2001; Whittet et al. 2008).

A leading theory for the process of dust grain alignment in-
volves radiative torques by the incident radiation (Lazarian &
Hoang 2007; Hoang & Lazarian 2009; Andersson 2015). A crit-
ical parameter for this mechanism is the ratio between the dust

grain size and the radiation wavelength. As the dust column den-
sity increases, only the longer wavelength radiation penetrates
the cloud and the alignment decreases. Grains within a cloud
(without embedded sources) should have lower ✏ than those at
the periphery of the same cloud. There is evidence for this from
near-infrared interstellar polarization and submillimetre polar-
ization along lines of sight through starless cores (Jones et al.
2015), albeit at smaller scales and higher column densities than
considered here. If ✏ inside the cloud is very low, the observed
polarized intensity would arise from the dust in the outer layers,
tracing the magnetic field in the “skin” of the cloud. Then the
observed orientation of B? is not necessarily correlated with the
column density structure, which is seen in total intensity, or with
the magnetic field deep in the cloud.

Soler et al. (2013) presented the results of HRO analysis on
a series of synthetic observations produced using models of how
✏ might decrease with increasing density. They showed that with
a steep decrease there is no visible correlation between the in-
ferred magnetic field orientation and the high-NH structure, cor-
responding to nearly flat HROs.

In any case, the HRO analysis of MCs carried out here re-
veals the presence of a correlation between the polarization ori-
entation and the column density structure. This suggests that the
dust polarized emission is sampling the magnetic field struc-
ture homogeneously on the scales being probed at the resolu-
tion of the Planck observations, or alternatively that the field
deep within high-NH structures shares the same orientation as
that probed in the skin.

6. Conclusions

We have presented a study of the relative orientation of the mag-
netic field projected on the plane of the sky (B?), as inferred
from the Planck dust polarized thermal emission, with respect
to structures detected in gas column density (NH). The relative
orientation study has performed by using the histogram of rel-
ative orientations (HRO), a novel statistical tool to characterize
extended polarization maps. With the unprecedented statistics of
polarization observations in extended maps obtained by Planck,
we analyze the HRO in regions with di↵erent column densities
within ten nearby molecular clouds (MCs) and two test fields.

In most of the regions analyzed we find that the relative ori-
entation between B? and NH structures changes systematically
with NH from parallel in the lowest column density areas to
perpendicular in the highest column density areas. The switch
occurs at log10(NH/cm�2) ⇡ 21.7. This change in relative ori-
entation is particularly significant given that projection tends to
produce more parallel pseudovectors in 2D (the domain of ob-
servations) than exist in 3D.

The HROs in these MCs reveal that most of the high NH
structures in each cloud are oriented preferentially perpendicular
to the magnetic field, suggesting that they may have formed by
material accumulation and gravitational collapse along the mag-
netic field lines. According to a similar study where the same
method was applied to MHD simulations, this trend is only pos-
sible if the turbulence is Alfvénic or sub-Alfvénic. This implies
that the magnetic field is significant for the gas dynamics at the
scales sampled by Planck. The estimated mean magnetic field
strength is about 4 and 12 µG for the case of Alfvénic and sub-
Alfvénic turbulence, respectively.

We also estimate the magnetic field strength in the MCs stud-
ied using the DCF and DCF+SF methods. The estimates found
seem consistent with the above values from the HRO analysis
but given the assumptions and systematic e↵ects involved we

16

Observations	(Planck)	
weak	B-field	(super-Alfvenic)	
intermediate	(trans-Alfvenic)	
strong	B-field	(sub-Alfvenic)	



Statistical	Analysis	Methods	
Technique	 Sensitive	to	 Data	Required	 Examples	

Relative	Orientation	
Analysis	

B,	MA	
	

polarization,	
column	
density/gas	
maps	

Soler+	2013,	Planck	XXXII,	XXXV,	
Soler+	2017,	Fissel+	submitted.	

Polarization	Angle	
Dispersion	

3-D	field	
orientation,	
B,	MA,	
	

polarization,	
molecular	line	
observations	

Davis	1951,	Chandrasekhar	&	
Fermi	1953,	Ostriker,	Stone	&	
Gammie	‘01,	Falceta-Goncalves+	
2008,	Hilldebrand	2009,	Houde	
2009,	2011	

PDFs	of	Polarization	
observables	

3-D	field	
orientation,	
B,	MA	

polarization	 Jones	1989,	Falceta-Goncalves	
2008,	Fissel+	2016,	King+	2016	

Velocity	Gradient	vs	
Magnetic	Field	
Direction	

B,	MA,	μ	 polarization,	
molecular	line	
observations	

Lazarian+2017,	Yuen+2017	
	



Example	PICO	Science:	High	Resolution	
Studies	of	the	Diffuse	Cloud	Polaris	

A&A 518, L104 (2010)
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Fig. 1. SPIRE 250 µm map of the Polaris flare. Units are in MJy sr−1. The zero level was set by correlation with the IRAS/IRIS 100 µm data.

the restoration of diffuse emission. The SPIRE data were pro-
cessed with HIPE (version 2.0) applying standard corrections
for instrumental effects and glitches. The 1/ f noise component
was removed using the “temperature drift correction” module,
and naive maps were computed.

This map reveals for the first time the structure of the dif-
fuse interstellar medium on scales ranging from 0.01 to 8 pc.
Compared to the previous vision of the diffuse interstellar
medium given by lower resolution observations (e.g. IRAS)
these observations reveal a structure with strong contrast at small
scales. Numerous small scale clumps are seen in the map even
in the most diffuse regions (see examples in the Appendix). This
high-resolution view of the diffuse ISM also reveals its highly fil-
amentary structure with narrow threads of matter following the
larger scale organisation. These observations bring new insights
into the small scale structure of the ISM, and they will certainly
help understand the physical processes dominating the dynami-
cal evolution of matter towards the formation of stars. This task
is obviously beyond the scope of the present paper.

3. Comparison with IRAS 100 µm: check of diffuse
emission restoration and dust spectrum

The estimate of the power spectrum of the interstellar medium
emission can only be done with observations that restore the
power observed at all scales. This implies a great control of

instrumental effects that could affect the baseline (additive ef-
fect) or the gain (multiplicative effect) of the detectors over the
whole period of the observations. In order to assess the quality of
the diffuse emission restoration by SPIRE over such a large field
we made a comparison over the whole field with the 100 µm
IRAS (IRIS) data (Miville-Deschênes & Lagache 2005) which
are known to have a good description of the interstellar emission
at all scales1. The main limitation of this exercise is the differ-
ence in wavelength between SPIRE and IRAS, but even though
local variations of the dust emission spectrum are expected, the
fact that both datasets are dominated by the emission from the
big grain population is instructive.

We performed the following linear regression fit: S(λ) =
G × S(100) + S0, where S(100) is the 100 µm IRAS/IRIS map
from which the average value of the cosmic infrared background
at 100 µm (0.7 MJy/sr – Miville-Deschênes et al. 2007) was re-
moved, and S(λ) is the SPIRE map at wavelength λ, convolved
to the IRAS resolution (4.3 arcmin) and projected onto the na-
tive 1.5′ grid of IRAS. The regression coefficients G and off-
sets S0 found at each SPIRE wavelength are given in Table 1.
Even though the correlations are good (correlation of 0.85),
there is significant variation around the linear fit. Looking at

1 In IRIS the variation with scale of the IRAS detectors gain was cor-
rected and the emission at scales larger than 30′ was made consistent
with DIRBE, which was designed for full control on systematic effects.
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High	Latitude	Cirrus	Cloud,	distance	~150	pc	

SPIRE	250		
(16’’	FWHM)	

Miville-Deschênes et al. 
2010

•  Intensity	of	diffuse	emission	(AV	<<	1)	at	
500	microns:	~5	MJy/Sr.	

•  To	resolve	the	HI	to	H2	transition	we	want	
a	3-sigma	detection	of	2%	polarized	dust.	

•  Assume	Td	=	14.3,	β	=	2	and	scale	5	MJy/Sr	
to	PICO	bands	(Iref)	

•  We	expect	60,000	independent	
measurements	of	field	direction	in	this	
region.	

Freq	 lamda	 Beam	FWHM	 σI	v32	 p_min	(v32)	
[GHz]	 [microns]	 (arcmin)	 [Jy/Sr]	 (3-sigma)	

107	 2803.7	 7.9	 53.8	 3.90%	
129	 2325.6	 7.4	 73.2	 2.47%	
155	 1935.5	 6.2	 86.0	 1.38%	
186	 1612.9	 4.3	 281.5	 2.19%	
223	 1345.3	 3.6	 402.8	 1.54%	
267	 1123.6	 3.2	 293.6	 0.57%	
321	 934.6	 2.6	 398.9	 0.39%	
385	 779.2	 2.5	 333.7	 0.17%	
462	 649.4	 2.1	 448.1	 0.12%	
555	 540.5	 1.5	 1193.5	 0.18%	
666	 450.5	 1.3	 1682.7	 0.15%	
799	 375.5	 1.1	 2469.4	 0.14%	

Planck	(10’)	resolution:	0.43pc	
PICO	799	GHz	resolution::	0.048pc	

	



Example	PICO	Science:	Detailed	
Studies	of	Magnetic	Fields	

•  Planck	mapped	magnetic	fields	made	detailed	maps	with	
<1pc	resolution	for	about	a	dozen	molecular		clouds.	

•  PICO	at	799	GHz	will	have	<1pc	resolution	to	3.2	kpc,	will	
produce	detailed	maps	of	700	BGPS	cloudsè	thousands	
over	the	entire	Galactic	Plane	(compared	to	14	with	Planck).	

The Astrophysical Journal, 799:29 (25pp), 2015 January 20 Ellsworth-Bowers et al.
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Figure 15. Face-on view of the Milky Way for sources with well-constrained
distance estimates (black circles), plotted atop an artist’s rendering of the Milky
Way (R. Hurt: NASA/JPL-Caltech/SSC) viewed from the north Galactic pole.
Yellow squares mark the locations of masers with trigonometric parallaxes
(Reid et al. 2014, Table 1). The image has been scaled to match the R0 used
for calculating kinematic distances. The outer dotted circle marks the solar
circle, and the inner dotted circle the tangent point as a function of longitude.
The dashed circle at Rgal = 4 kpc outlines the region influenced by the long
Galactic bar where the assumed flat rotation curve breaks down (Benjamin et al.
2005; Reid et al. 2014). Various suggested Galactic features are labeled. For
clarity, distance error bars are not shown.

undeveloped) self-consistent H i absorption prior DPDF may
solve this mystery.

Notwithstanding uncertainties in source location in Figure 15,
several prominent Galactic features begin to suggest themselves
based on the BGPS V2 distance catalog. The most significant
is the end of the Galactic bar near ℓ = 30◦ and the start
of the Scutum–Centaurus arm moving to smaller longitude.
Next is the general outline of the Sagittarius arm, visible
from (xgal, ygal) ≈ (− 3, 3) kpc counterclockwise around to its

tangency near ℓ = 50◦. Portions of the Perseus arm are traceable
in the ℓ = 40◦–50◦ region and again in the outer Galaxy. Finally,
the BGPS detects 23 objects in the Outer arm beyond the solar
circle in the ℓ = 20◦–80◦ range, at a heliocentric distance of
≈ 10–15 kpc.

6.5.2. Vertical Distribution of Star Formation

In addition to the face-on map of the Milky Way, well-
constrained distance estimates permit study of the vertical dis-
tribution (z) of sources about the Galactic midplane (Figure 16).
The errors tabulated in the last column of Table 5 include con-
tributions from variations in z along the line of sight over the
range d⊙ ± σd and the ± 5 km s− 1 uncertainty in the solar offset
above the Galactic midplane (Jurić et al. 2008), added in quadra-
ture. The left panel depicts the histogram of z, which may be
fit by a Gaussian with a centroid at +9.2 ± 0.7 pc, a FWHM
of 65.3 ± 1.3 pc, and a reduced χ2

red = 1.8. The centroid being
at slight positive z should not be confused with a centroid at
slight positive Galactic latitude. In the middle panel, however,
it is apparent that the width and centroid of the distribution may
be slightly misleading owing to the nominal |b| ! 0.◦5 limit of
BGPS coverage. The cyan dashed lines in that panel mark this
limit at ℓ = 30◦ (these limits rotate to more positive values at
larger longitude owing to the Sun’s vertical displacement above
the z = 0 plane). In both the middle and right panels, red circles
mark BGPS sources in the outer Galaxy (ℓ > 90◦) where sur-
vey coverage was neither blind nor uniform, but rather focused
on known regions of star formation. The gray dot–dashed lines
mark the FWHM of the Galactic molecular layer (=120 pc;
Bronfman et al. 1988). The BGPS does not probe the full width
of the molecular layer until d⊙ " 6 kpc, whereas the bulk of the
distance catalog (≈ 76%) is closer than this point. The FWHM
of the distribution in the left panel, therefore, should be viewed
as a lower limit on the scale height of dense star-forming gas in
the Galactic plane (see Section 7.1 for a discussion of the ob-
servational effects of the BGPS on the derived vertical position
distribution). The rightmost panel in Figure 16 illustrates the
relationship between Galactocentric radius and vertical
position; the orange star marks the Sun’s location. Visible here
is a warp in the molecular disk beyond the solar circle.
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Figure 16. Vertical distribution of sources about the Galactic midplane. Left: histogram of z with Gaussian fit overplotted. Center: vertical position as a function of
heliocentric distance, with cyan dashed lines showing approximate boundaries of BGPS coverage (|b| ! 0.◦5) at ℓ = 30◦. Sources plotted in red are at ℓ > 90◦. The
gray dot–dashed lines mark the 60 pc scale height of molecular gas (Bronfman et al. 1988). Right: vertical position as a function of Galactocentric radius. Red sources
and gray dot–dashed lines as in the middle panel. The star marks the Sun’s location.
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BOLOCAM	Galactic	Plane	Survey	(BGPS)	
observed	1/3	of	the	Galactic	plane,	~50%	of	their	
clouds	have	well	characterized	kinematic	
distances	

Ellsworth-Bowers et al.
(2015)

The Astrophysical Journal, 799:29 (25pp), 2015 January 20 Ellsworth-Bowers et al.
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Figure 14. Summary of source properties from Table 5. Top left: comparison of the Galactic longitude distributions for objects with well-constrained (black) vs.
unconstrained (cyan) distances, with the red histogram showing the distribution of spectroscopic observations of Shirley et al. (2013). The gray hashed regions mark
the longitude-projected kinematic avoidance zones (Section 3.2.2). Middle left: distributions of Galactic latitude for sources with well-constrained distance estimates at
ℓ ! 90◦. Colors represent near (black), far (blue), and tangent (red) KDA resolutions. Bottom left: as above, but showing the distributions of λ = 1.1 mm flux density.
Top right: distributions of PML for the entire kinematic sample (black) and sources with well-constrained distance estimates (gray). Middle right: heliocentric distance
distribution for the well-constrained subset. Bottom right: galactocentric radius distributions for the entire kinematic sample (black) and sources with well-constrained
distance estimates (gray).

distances are unambiguous for Rgal > R0, so all objects in the
kinematic sample beyond the solar circle have well-constrained
distance estimates. The marked gap at Rgal = 8.5–9.5 kpc is the
result of the only spiral feature (Perseus arm) within the BGPS
coverage region with appreciable gas in this Galactocentric ra-
dius range lying within a kinematic avoidance zone.

6.5. Galactocentric Positions

One important application of a large collection of well-
constrained distance estimates for molecular cloud structures
is the elucidation of Galactic structure in terms of the dense
molecular gas that hosts star formation. Galactocentric positions
may be derived using the (ℓ, b,d⊙ ) → (Rgal,φ, z) conversion
matrix from Appendix C of EB13, which accounts for the
≈25 pc vertical offset of the Sun above the Galactic midplane
(Humphreys & Larsen 1995; Jurić et al. 2008).

6.5.1. Face-on View of the Milky Way

The face-on map of the Milky Way from the north Galactic
pole is shown in Figure 15, with the maximum-likelihood
distance (or d for sources near dtan) for each well-constrained
source plotted atop an illustration of the Galaxy derived from
Spitzer near-infrared stellar data (R. Hurt: NASA/JPL-Caltech/
SSC), scaled to the R0 from Table 1. There are two key attributes
of this figure that bear mentioning. The first is the spread in
heliocentric distance of sources along any given line of sight

(most noticeable around ℓ = 30◦ and ℓ = 110◦). Error bars are
not shown in Figure 15 for clarity, but with a typical uncertainty
of ≈0.5 kpc, object positions within various complexes are self
consistent. In addition to the uncertainty inherent in the posterior
DPDF, deviant motions of the gas away from circular motion
around the Galactic center can offset vLSR and shift derived
distances away from their true position, thereby creating an
apparent dispersion along the line of sight and smoothing the
underlying structure.

The second notable attribute is the placement of BGPS objects
in regions of the background image that appear devoid of stars
in the model (i.e., ℓ ≈30◦ ± 10◦, or (xgal, ygal) ≈(−4, 0) kpc).
There are two possible interpretations. The first is that the
background image is a “best guess” only, based on stellar
distributions from Spitzer data. Robust distance measurements
for molecular cloud clumps may well be telling a different
story of the locations of spiral arms and Galactic structure.
For example, Egusa et al. (2011) found a significant population
of molecular gas “downstream” of spiral arms in M51, nearly
spanning the interarm region and coincident with H ii regions
identified in near-infrared images. The second interpretation
is these are objects incorrectly placed at the far kinematic
distance by the set of prior DPDFs currently implemented.
In this case, it is likely that as the suite of data-driven prior
DPDFs grows, sources will shift away from these vacant regions
in the Spitzer model. The ≈80 BGPS sources in this area
are primarily associated with HRDS H ii regions; a (future,

17



Summary	
•  PICO	will	be	an	incredibly	powerful	tool	for	the	
study	of	importance	of	magnetic	fields	(and	
turbulence)	in	regulating	star	formation.	
–  10x	better	resolution	for	most	clouds	than	Planck	

•  We	will	resolve	0.1pc	scales	for	10	nearby	clouds	and	study	
resolve	magnetic	fields	in	the	dense	regions	where	stars	are	
forming	(cores	and	filaments).	

•  Study	in	detail	the	magnetic	fields	of	thousands	of	clouds	
(compared	to	10	for	Planck).	

•  Our	science	will	require	a	complementary	effort	
to	produce	numerical	simulations	for	different	
field	strengths,	turbulence	levels,	and	will	require	
complementary	molecular	line	data.	


