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What regulates Star Formation?
(in addition to gravity)

Supersonic Turbulence

E.g. MacLow and
Klessen, 2004

Magnetic Fields

Shu et al., 1984
Nakamura and Li, 2008

Feedback

E.g. Krumholtz, Matzner
and McKee, 2006

Answer: All contribute and are important on different size and density scales.
But 4/9/20
the (by far) least understood/hardest
observe
CCATp B-fieldsto
in Star
Formation is the magnetic field.
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Key Science Questions for CCAT-prime
Cloud Scales
1 – 100 pc

1) Do B-fields affect molecular
cloud structure and star
formation efficiency?
Inutsuka et al. 2015
Walch et al. 2015

Filaments and Cores

Protostellar Disks

<0.01 pc
0.01 – 1 pc
2) Do B-fields provide significant
Do B-fields inhibit
support against gravitational
formation of large
collapse, and slow down their
protostellar and disks
collapse, fragmentation?
Galli & Shu 1993
Li et al. 2014 PPVI
Joos et al. 2012
The Astrophysical Journal, 734:63 (8pp), 2011 June 10
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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.)

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 equation 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

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 molecularline data to know whether the northern part has enough mass to
cause the large-scale curved magnetic field observed here.

Map magnetic fields in
hundreds of filaments.
CCATp B-fields in Star Formation

3.2. Rough Estimate of the Magnetic Field Strength

Using
the
Chandrasekhar–Fermi
(CF)
method
(Chandrasekhar & Fermi 1953), we roughly estimate the magnetic field strength toward two (north and south) zones enclosed
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Davidson et al. 2014
Map B-fields in thousands
of star forming cores which
3
have embedded disks.

Why is CCAT ideal for this science?
• Better resolution than any
space or balloon-based
telescope
• Better sensitivity to dust
than any other groundbased telescope
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The magnetic fie

size of 14.1 arcsec at 850µm, equivalent to 0.027 pc at

Figure 1. A map of the polarization half-vectors in the centre
OMC 1, with half-vectors rotated by 90 degrees to show the dire
tion of the magnetic field, modified from Ward-Thompson et a
(2017). The background greyscale image is a SCUBA-2 850-µ
total intensity image of Orion A. The Orion BN/KL, Orion
and Orion Bar features are labelled. Only those half-vectors wi
(P/δP ) ≥ 3 are shown. The half-vector color scale is chosen f
contrast against the background image and has no physical mea
ing.

JCMT POL-2 of OMC1
Beam 14’’ (0.02pc)

Soler+ 2018, 2019
CCATp B-fields in Star Formation

4/9/20
Pattle
et al. 2017

Orion (d~400pc)
Planck beam FWHM 10’ (1.2pc)
CCAT-p resolution:
@405 GHz (0.07pc)
@870 GHz (0.02pc)

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

– Ratio of Magnetic Support vs Gravitational Potential
Energy
• Mass to Flux ratio μ = M/M Φ, MΦ =Φ/2πG1/2, Φ~ πr2B

4/9/20
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The Strategy: Statistical Measurements of Polarization Maps
compared to Synthetic Observations of Numerical Models
Strong magnetic field
(|B0|=10.97μm)

Weak magnetic field
(|B0|=0.35μG)

disordered B-field
low NH è B-field || to N contours
high NH èB-field || to N contours
4/9/20

ordered B-field
low NH è B-field || to N contours
high NH èB-field perp to N contours
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RAMSES MHD Simulations from Soler et al. 2013
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Planck measurements of the relative
orientation of B-field vs. cloud elongation
for 10 nearby molecular clouds

Soler et al. (2013) presented the results of HRO an
a series of synthetic observations produced using mode
✏ might decrease with increasing density. They showed
a steep decrease there is no visible correlation betwe
ferred magnetic field orientation and the high-NH struc
responding to nearly flat HROs.
In any case, the HRO analysis of MCs carried ou
veals the presence of a correlation between the polariz
entation and the column density structure. This sugges
dust polarized emission is sampling the magnetic fi
ture homogeneously on the scales being probed at th
tion of the Planck observations, or alternatively that
deep within high-NH structures shares the same orie
that
probed in the skin.
Observations
(Planck)

weak B-field (super-Alfvenic)
intermediate (trans-Alfvenic)
We have presented a study of the relative orientation of
strong B-field (sub-Alfvenic)
netic field projected on the plane of the sky (B ), a
6. Conclusions

?

−1.0

from the Planck dust polarized thermal emission, wi
to structures detected in gas column density (NH ). Th
orientation study has performed by using the histogra
ative orientations (HRO), a novel statistical tool to ch
extended polarization maps. With the unprecedented st
Fig. 11. Histogram shape parameter ⇠ (Eqs. 4 and 5) calculated polarization observations in extended maps obtained b
for the di↵erent NH bins in each region. Top: relative orienta- we analyze the HRO in regions with di↵erent column
tion in synthetic observations of simulations with super-Alfvénic within ten nearby molecular clouds (MCs) and two tes
(blue), Alfvénic (green), and sub-Alfvénic (red) turbulence, as
In most of H
the regions analyzed we find that the re
detailed in Soler et al. (2013). Middle: relative orientation in entation between B and N structures changes syste
?
H
the regions selected from the Planck all-skyHobservations, from with N from parallel
in the lowest column density
H
Fig. 7. The blue data points correspond to the lowest NH regions perpendicular
in the highest column density areas. T
(CrA and the test regions in Fig. 8, ChamSouth and ChamEast) occurs at log (N /cm 2 ) ⇡ 21.7. This change in re
H
10
and the orange correspond to the rest of the clouds. Bottom: entation is particularly
significant given that projectio
comparison between the trends in the synthetic observations (in produce more parallel pseudovectors in 2D (the dom
colours) and the regions studied (grey).CCATp
The B-fields
observed
smooth
4/9/20
in Star
Formation
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servations) than exist in 3D.
transition from preferentially parallel (⇠ > 0) to perpendicular
The HROs in these MCs reveal that most of the

• Planck XXXV found a change in relative orientation from
B-field parallel to cloud structures (low N ) to
perpendicular (high N ).
• Implies a strong magnetic field (sub- or trans-Alfvenic)
• Large error bars are due to low number of detections

Polarization Statistical Analysis Methods
Technique

Sensitive to Data Required

Relative Orientation B, MA
Analysis

Polarization Angle
Dispersion

polarization,
column
density/gas
maps

3-D field
polarization,
orientation, molecular line
B, MA,
observations

Examples
Soler+ 2013, Planck XXXII, XXXV,
Soler+ 2017, Fissel+ 2019

Davis 1951, Chandrasekhar &
Fermi 1953, Ostriker, Stone &
Gammie ‘01, Falceta-Goncalves+
2008, Hilldebrand+ 2009,
Houde+ 2009, 2011, Pattle+
2017, Pillai+2019

PDFs of Polarization 3-D field
polarization
observables
orientation,
B, MA

Jones 1989, Falceta-Goncalves
2008, Fissel+ 2016, King+ 2017,
Chen+ 2019, Sullivan+ submitted

Velocity Gradient vs B, MA, μ
Magnetic Field
Direction

Lazarian+2017, Yuen+2017, Hue
2019a,b

polarization,
molecular line
observations

All of these techniques require large, detailed polarization maps.
4/9/20
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What can we do with the planned large area surveys?

• Large area CMB
25,000deg2 mapped over
4,000 hours.
– dP = 9.6 Mjy/Sr. Too
shallow to detect
polarization at full
resolution
– But we could map many,
probably hundreds of
clouds if we degrade our
resolution.Most fairly
distant (2-10kpc)

4/9/20

NGC6334

850 GHz,
based on
Planck

Herschel HiGal 850 GHz map of 14 degrees
of the Galactic Plane:

Contours: where we expect 3-sigma detections
of polarized dust at 30’’ FWHM (inner), and 1’
CCATp B-fields in Star Formation
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FWHM (outer) assuming p=2.2%

We would like to request additional extremely
deep small area ~4deg2 surveys
Has a highly ordered (potentially
unusually strong) magnetic field.
Has no protostars, so this is
potentially an extremely young
molecular cloud.
Not visible to BLAST, too faint for
other ground based
polarimeters.

isible or NIR extinction polarization observations towards the Taurus
olecular clouds. The colors represent the total gas column density in
volution (LIC, Cabral & Leedom 1993), indicates the magnetic field
he black pseudo-vectors
indicate the magnetic field orientation from
4/9/20
CCATp B-fields in Star Formation
represents the average field orientation inferred from the stars within

Soler et al 2016: Planck +
Optical/Near-IR inferred B-field

Cox et al. 2016
Herschel
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CCATprime 850 GHz Map of Musca
4deg2 mapped to a depth of dP = 0.83 MSy/Sr 12x deeper than the CMB survey

(would require 80 hours at the sensitivities in Table 1 of Choi et al., 160 hours of early science time)

Resolution for which we could obtain 3 sigma detections
(assuming p = 5%)

Suggested
Early Science
Project!

4/9/20
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Longer Term Goal: CCATPrime Survey of Nearby Star
forming regions
Molecular
cloud

SF Activity

low mass
low mass

Poln
Area
expected Covered
(conservativ
e)
(deg^2)
200
5%
200
4%

(full science)
4
80
4
50

low mass
intermediate mass
high mass
high mass
intermediate mass
low mass

400
400
450
900
160
150

4
4
4
4
4
4

Cloud Mass

Distance
[pc]

Musca
Chamaeleon

quiescent
low activity
lots of SF activity, lots of
protostars sources
Aquila
Serpens South active clustered SF
Orion
evolved high mass SF
VelaC
many protostars
Ophiuchus
moderate
Pipe Nebula
quiescent

Ophiuchus

4%
3%
3%
2.50%
3%
3%

Hours Spent

50
50
50
50
50
80

About 300 hours to map 6 clouds
450 hours to map 8 clouds.
25 pc
Vela C

6 pc

Res=0.007 pc
4/9/20

Res=0.015pc
CCATp B-fields in Star Formation

Res=0.05pc
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