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Abstract

Recent high-resolution 53 pm polarimetric observations from SOFIA/HAWC+ have revealed the inferred
plane-of-the-sky magnetic field (B-field) orientation in the Galactic center’s circumnuclear disk (CND). The
B-field is mostly aligned with the steamers of ionized material falling onto Sgr A* at large, differential
velocities (shear). In such conditions, estimating the B-field strength with the “classical” Davis—
Chandrasekhar-Fermi (DCF) method does not provide accurate results. We derive a “modified” DCF
method by solving the ideal-MHD equations from first principles considering the effects of a large-scale, shear
flow on the propagation of a fast magnetosonic wave. In the context of the DCF approximation, both the value
of the shear and its Laplacian affect the inferred B-field strength. Using synthetic polarization data from MHD
simulations for a medium dominated by shear flows, we find that the “classical” DCF determines B-field
strengths only within >50% of the true value where the “modified” DCF results are improved significantly
(~3%-22%). Applying our “modified” DCF method to the CND revealed B-field strengths of 1-16 mG in the
northern arm, 1-13 mG in the eastern arm, and 3-27 mG in the western arc at spatial scales <1 pc, with
median values of 5.1 £0.8, 4.0 £ 1.2, and 8.5 2.3 mG, respectively. The balance between turbulent gas
energy (kinetic plus hydrostatic) and turbulent magnetic energy densities suggest that, along the magnetic-
field-flow direction, magnetic effects become less dominant as the shear flow increases and weakens the B-
field via magnetic convection. Our results indicate that the transition from magnetically to gravitationally
dominated accretion of material onto Sgr A™ starts at distances ~1 pc.

Unified Astronomy Thesaurus concepts: Galaxy magnetic fields (604); Circumstellar dust (236); Polarimetry (1278)

1. Introduction

The Galactic center, with its supermassive black hole, many-
faceted structures, multiwave band emission, strong magnetic
fields, and high-velocity gas, may be (arguably) the most exotic
environment in the Milky Way. The circumcuclear disk (CND;
e.g., Becklin et al. 1982; Liszt et al. 1983; Guesten et al. 1987;
McGary et al. 2001) is an inclined, ~70°, ring of dense,
10*-10° cm ™, molecular gas and dust with inner and outer
radii of ~1.5 pc and 3 — 7 pc, respectively (e.g., Guesten et al.
1987; Jackson et al. 1993; Etxaluze et al. 2011; Lau et al.
2013). This structure is dynamically complex, with molecular
and ionized gas streamers feeding the black hole, which is
coincident with the radio source designated SgrA* (Hsieh
et al. 2017, 2021). The molecular gas within the central few
parsecs is influenced by the gravitational potential of Sgr A*
and follows an almost Keplerian rotation.

Despite this extreme complexity, a spiral magnetic field (B-
field) morphology has been reported using the 850 um
polarimetry of the James Clerk Maxwell Telescope (Hsieh
et al. 2018). At ~15” (0.38 pc) resolution, the 850 um
polarimetric observations trace the B-field associated with
magnetically aligned dust grains in the cold and dense
interstellar medium cospatial with the molecular gas streamers
feeding SgrA*. The CND has been observed using 53 ym
polarimetric observations (Dowell et al. 2019) with the High-
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resolution Airborne Wideband Camera Plus (HAWC+; Harper
et al. 2018) instrument on the 2.7 m Stratospheric Observatory
for Infrared Astronomy (SOFIA; Temi et al. 2018). At an
angular resolution of 4”85 (0.18 pc), 53 pm polarization data
imply that the inferred B-field orientation follows a set of three
spiral structures. These preliminary results suggest that matter
may be flowing along B-field lines or that the B-field is being
sheared by differential motions of matter. The B-fields may be
an important contributor to the removal of the angular
momentum for the gas flowing onto Sgr A* and are expected
to be in close equipartition with the turbulent kinetic and
cosmic-ray energies. Thus, an energy budget across the
multifaceted structures of the CND is required to put the
magnetohydrodynamical (MHD) inflow onto SgrA® into
context.

The plane-of-the-sky (POS) B-field strength can be estimated
using the Davis—Chandrasekhar-Fermi (DCF) method
(Davis 1951; Chandrasekhar & Fermi 1953), which relates
the line-of-sight (LOS) velocity dispersion and the POS
polarization angle dispersion. It assumes an isotropically
turbulent medium whose turbulent kinetic and turbulent
magnetic energy components are (approximately) in equiparti-
tion. The original or “classical” DCF method assumes a steady
state with no large-scale flows. The small angular dispersion of
the polarization angle orientations of the HAWC+H data
resulted in a preliminary estimate of the B-field strength of
~5 mG throughout the ~5 pc CND (Dowell et al. 2019). This
value is similar to Zeeman results for the LOS component of
2mG from Killeen et al. (1992) and 0.6-3 mG from Plante
et al. (1995).
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Schmelz et al. (2020) used these results to estimate the
plasma beta (0), the ratio of the thermal-to-magnetic pressure.
This value is used traditionally as an indicator of whether
magnetic or thermodynamic processes dominate in an environ-
ment. If the thermal pressure is greater than the magnetic
pressure, 3> 1, referred to as a high-0 plasma, the gas
dynamics will control the structure of the environment, e.g., the
solar photosphere. If the thermal pressure is less than the
magnetic pressure, 3 < 1, referred to as a low-( plasma, the B-
field will control the structure of the environment, e.g., the solar
corona. Thus, this parameter can help distinguish between the
two possible scenarios for the CND. Using the preliminary
value of the B-field strength indicates that 5~ 0.001. However,
the widths of all molecular, atomic, and ionized gas lines are
quite large in and around the CND, indicating that the
turbulence-associated energy density can be larger than the
thermal energy density. For example, using up to 30 rotational
H, lines observed with the Infrared Space Observatory, Mills
et al. (2017) found velocity dispersions, o,, from 31-112 km
s~ ! for regions in the CND. Thus, a more appropriate ratio is (3’
defined as the ratio of the turbulent kinetic pressure over the
magnetic pressure. Using an average of the values calculated
by Mills et al. (2017), o, =44.4 km s~ !, it was estimated that
' ~ 0.03—an order of magnitude larger than (3. These values
are clearly in the low-3 regime where the magnetic pressure
dominates. Similar results were obtained by Hsieh et al. (2018)
with G~ 0.7, assuming a B-field strength of 1 mG, a thermal
pressure of Py, /k~4 X 10® cm ™ K, an electron density of
7.8 x 10* cm*3, and an electron temperature of 5000 K. These
results indicate that, like the solar corona, the B-field is
channeling the plasma and appears to be a significant force on
the matter in this region.

However, these preliminary results are limited by the
assumptions inherent in the classical DCF approach, i.e., an
ideal medium in a steady state with no large-scale flows and
incompressible B-fields. Several authors have proposed
modifications to the DCF method (Hildebrand et al. 2009;
Houde et al. 2009), but these only improve the estimation of
the angle dispersion. Using an energy balance, Skalidis &
Tassis (2021) have recently derived a modified DCF method
for compressible modes of the B-fields valid for no self-
gravity-dominated environments. This modification has been
numerically supported by Beattie et al. (2022). Furthermore,
Lopez-Rodriguez et al. (2021) investigated how the DCF
estimation of the B-field could be affected by the strong
outflow from the core of the starburst galaxy, Messier 82.
From first principles, they solved the ideal-MHD equations
for a medium with a combination of turbulent B-fields and a
large-scale B-field in the same direction as the steady flow.
They determined that the large-scale flow can increase or
decrease the B-field strength from the classical DCF
depending on if the isotropic turbulent velocity dispersion
is larger or smaller than the flow itself. Whether the B-fields
in the CND are affected by a large-scale flow and/or are
compressed and sheared by the gas streamers is still unclear.
These configurations need to be characterized and applied to
a modified version of the original DCF method to obtain
scientifically meaningful B-field strengths.

In this paper, we take another step away from the ideal
conditions of the original DCF. We develop a wave equation
and dispersion relation for the case where an Alfvén wave is
propagating in the presence of structured (position-dependent)
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steady-state flows. This allows us to investigate the effects of
shearing by differential motions of matter on the B-field in the
inner 5 pc of the Milky Way. Section 2 presents the derivation
of the wave equation and dispersion relation. Section 2.3 shows
how the wave dispersion relation can be used in the DCF
context to estimate the B-field strength. The modified DCF
expression is first tested using synthetic data (Section 3) and
then used to estimate the POS B-field strength in the CND
(Section 4). We discuss our results in Section 5, and our
conclusions are summarized in Section 6.

2. Modified DCF Method

The DCF method is a well-known approximation to estimate
the strength of the POS magnetic field from the dispersion
patterns observed in the dust polarization directions. This
approximation results from assuming that an Alfvén wave with
dispersion relation

w? = vik? ()

exists in the magnetized gas. Equation (1) correspond to a wave
propagating in an ideal medium with velocity equal to the
global Alfvén velocity vy = B / \/H , where B is the strength
of the magnetic field and p is the mass density. Assuming that
the turbulence is isotropic, w can be related to the LOS velocity
dispersion o, (due to turbulent motions) and the wavevector k
to the deviation of the polarization angles due to turbulence, o.
Thus, Equation (1) becomes

ol =viol (2)

Using the definition of Alfvén speed, we can obtain from
Equation (2) the well-known DCF expression
BESF = Jamp 2. 3)
O
However, Equation (3) (or Equation (1)) does not consider
cases where the Alfvén wave might be propagating in a
nonideal medium such as a plasma with significant viscosity or
in the presence of a steady-state flow. In the following we
develop a wave equation and dispersion relation that consider
the latter. Throughout this paper, we shall refer to Equation (3)
as the “classical” DCF.

2.1. Governing Equations

We start from the MHD equations of a cold (plasma 3 — 0),
nondissipative medium

%4y () =0,

(Continuity) 4)
ot

p[@ + - V)V] = fLB x (V x B), (Momentum)
ot 41

(5)

V-B =0, (Divergence — Free) (6)

86—8 =V x (v x B). (Induction) @)
t

where p is the mass density, v is the velocity, and B is the
magnetic field. In order to linearize these equations, we choose
to express them in Cartesian coordinates, where (x, y)
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correspond to the POS plane and the z coordinate is
perpendicular, or in the LOS. However, in this work we will
not consider the evolution of variables in the z-direction, so the
z-components of vector quantities are set to zero, and any
derivative in this direction vanishes (9, = 0).

Assuming that each MHD variable can be decomposed into a
time-independent background (steady state) plus a time-
dependent perturbation,

p— po+ P
v - Uy+v,
B — B, + B. ®)

We further assume that the steady state (py, Uy, Bo)
corresponds to constant background density, a constant
magnetic field in the x-direction, By = ByX, and a parallel
position-dependent background flow, Uy = Uy(x, y)X.

Introducing the expression in Equation (8) into
Equations (4)—(7) and keeping only terms up to first order in
perturbations, we obtain

9p
o

+ ——(povy) +
6y(p0 ))

+ —(,00 UO) + x(ﬂovx)

—(on) =0, (Continuity) )
Ox

6Vx 6Uo an an avx
+ Up— + +v + U
[ *ox ( ox Oy ) *ox ]

ot
+ pU 6an =0, (Momentum Xx) (10)
X

vy ov By( 0By, OB
LU= 22 =2 - =], (Momentum
po( ; 0 X) ( . y) (Momentum y)

1)

OBy
9By + 9Bx + —2 =0, (Divergence free) (12)

Ox Ox dy
% _ aa_y(UOBy — v,By), (Induction x) (13)
OB, 0 i
Y = ——(UoB, — v,By). (Induction y). (14)
ot Ox ”

Equations (9)-(14) represent the system of a coupled linear
fast and slow magnetosonic waves.

2.2. The Wave Equation

In order to study the propagation of the fast wave, we
combine Equations (11), (13), and (14) in order to find a wave
equation only for the y-component of each variable. First, we
take the temporal derivative of Equation (11). Then, assuming
the variables are smooth and well behaved, we can interchange
temporal and spatial derivatives. Finally, substituting
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Equations (13) and (14) into the right-hand side results in

D%y N U dny
or? o\ ox

B 62\/} L 1[owsy | W) ]|
o2 0y? By Ox? 0y?
(15)

Equation (15) corresponds to the fast magnetosonic wave
propagating in the (x, y) plane with at the global Alfvén speed. The
dispersion relation from which a modified DCF expression can be
derived from, is found by assuming the perturbed variables as a
plane wave that propagates entirely in the x-direction with a
k-vector that is affected by the structure of the steady-state flow.
That is,

vy = vyoexplitk:(x, y)x — wi)],

By = By,O eXP[i(kx(x» Y)x - Wt)], (16)
into Equation (15). The resulting dispersion relation is
Ok
—w? + wlp| ky + xa— = vA]-—(kx) )
X

where F is a complex function of k, and U, with real and
imaginary parts

B
—R[Flhy)] = (1 - ﬂﬂ] {kf + 2kxxaakx

0 Vy,O X
2
Ok, ok,
+ +
x ( Ox ) ( dy ) ]
Byo (0*Uy 9%y
+ — + , 18
Bovy,o( Ox? oy? (18)

SFk) = 1 - Bolo |0k | [0k | DK
! By vy0 Ox Ox? Oy?

B
_ . B0 oUy (k n 8kx) n x%akx .
Bovyo| Ox ox dy Oy

19)

Since the left-hand-side of Equation (17) is a real function, it
thus follows that

s on( : ‘9")‘) — RIFR), 20)
X
0 = V2 3FU)]. @

Thus, Equation (20) is the wave dispersion relation from
which we can derive the modified DCF approximation.
Equation (21), on the other hand, might provide some
constraints on the values of k, and their relationship to U,.
Rewriting Equation (20) as

w? — on( .
—R[F(k)]

we see that the Alfvén speed—and therefore the magnetic field
strength—depends explicitly on the distance along the direction
of the steady-state flow (x-direction) and implicitly on the

Vi = (22)



THE ASTRONOMICAL JOURNAL, 166:37 (18pp), 2023 July

perpendicular coordinate (y) through the spatial dependence of
the wavevector and the steady flow.

1= (U] 0)(0p + x50
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Figure 1 displays values of Bpos/,/p 0, as a function of o
(bottom panels) for two cases of steady-state flow (top panels).

1/2

oy

Bpos = 4mpo,

2.3. Applications

Following the classical DCF method (Davis 1951; Chandrase-
khar & Fermi 1953), we can make the substitutions w — o,
ky — o0, in Equation (22). Similarly, we can make the substitu-
(B _
By
2009; Houde et al. 2009). Along with the definition of v, the
position-dependent strength of a magnetic field being affected by
steady-state flow iswhere we have taken the absolute value since
the Alfvén velocity is a real number (Equation (22)). In order to
use Equation (23) with polarimetric data, it is necessary to know
the variation of o, with coordinates x and y. In contrast, if o,
corresponds to an average value (calculated over the region where
Uy and B, are parallel to each other), then its derivatives vanish.
This simplification results in the expression for the shear-flow
modified DCF expression

tions v, — 0, and B, o/By — 0, (Hildebrand et al.

U 1/2
1 — 2oy
BDCESF _ 71— o 7
POS = TP 0y 2 . (24)

oy — Uz% + ?VZUO
For Equation (24) to have units of magnetic field, the term
inside the root square must be “dimensionless,” which implies
that the Laplacian of Uy must have units of speed, e.g., using
normalized spatial dimensions. It is easy to see that
Equation (24) reduces to the classical DCF expression
(Equation (3)) for Uy =0, i.e., BR&SF(Uy = 0) = Bios . As
in the large-scale flow correction to the classical DCF
expression made by Lopez-Rodriguez et al. (2021),

B DCF.F __ B DCF

POS pos | 1 — op— (25)

Oy

Equation (24) also includes the ratio Uy/o, as weight to the
terms related to the shear flow.

The shear-flow modified DCF expression (BiaF,
Equation (24)) has a more complex functional dependence with
o, than its classical and large-scale flow counterparts. Inside
the square root, terms that arise because of the presence of U,
are proportional to aé and o4. These terms are weighted by the
strength of the shear flow and its Laplacian relative to the
strength of the turbulent motions, respectively. By definition,
Up(x, y) >0 (i.e., flow moves in the +x-direction), and results
in lower values of POS magnetic field. On the other hand,
V2U, can be positive (speed increases) or negative (speed
decreases). For a fixed value of o, positive values of VU,
imply that the effect of Uy(x, y) is to decrease the value of

BRSSE while for negative values of V?U,, Bia-SF will
increase.

los AN o5\ %
e (R O | St

(23)

The flow is assumed to be parabolic, Upylx, y)=
Ugo(1 + ax* + byz), with strength Uy, in order to ensure that
V*U, = 0 and positive. In Figure 1, the left panels correspond
to a > b, which we refer to as stretch flow (larger increase in x),
while the right panels correspond to a < b or shear flow (larger
increase in y). The spatial coordinates in Figure 1 are
normalized by the characteristic length of the flow in the x-
direction, L. In the bottom panels several curves are shown:
color-scaled curves correspond to different values of the
fraction Uyy/o,; the dashed black curve displays the values of
Bpos for the classical DCF approximation (coincidental with
that of Ugo/o, = 0); and the black dotted curve corresponds to
the compressional DCF (Skalidis & Tassis 2021). These panels
correspond to values of x/L =1 and y/L=0.

We see in the bottom panels of Figure 1 that Bppg
consistently decreases with values o4. Classical and compres-
sional DCF values show a steady decrease for all values of
angular dispersion. For the modified DCF expression, the value
Bpos appears to decrease steadily at first—similarly to the
classical or compressional way—then the value decreases
drastically in an asymptotic manner. Such asymptotic value
appears at smaller o, with the increase of Ugy/o,. This
behavior is consistent with the conditions stated above. When
comparing the stretch and shear cases, we found the scenario
just mentioned is true in both cases. However, for the same
value Uyg/0,, in the shear flow case, the asymptote appears at
larger values of o, compared to the stretch flow. Similar results
were found for values of x/L=0 but with a weaker
dependence on the type of flow, indicating that a spatially
dependent steady-state flow becomes more important (in the
context of the DCF approximation) farther along the direction
of the flow.

More importantly, the bottom plots in Figure 1 show that for
both type of flows, the magnetic field strength will be
overestimated in the presence of a large-scale, sheared flow if
its velocity field it is not considered according to Equation (24).
As a reminder to the reader, Table 1 shows a summary of the
definitions of several DCF methods derived and applied in
this work.

3. Testing the Modified DCF Method with Synthetic Data

Before applying the shear-flow modified DCF approach
(Equation (24)) to observations, we test its accuracy using
synthetic polarization data (Figure 2). We use MHD simula-
tions from the Catalogue of Astrophysical Turbulence Simula-
tions (CATS;5 Burkhart et al. 2020). CATS contains snapshots
from a large number of MHD simulations performed with
different codes (e.g., AREPO, ENZO, and FLASH) spanning a

> CATS can be found at https:/ /www.mhdturbulence.com/.
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Figure 1. Top panels: steady-state flow, Uy(x, y) for two cases: stretch (left) and shear (right). Bottom panels: POS magnetic field strength, Bpos, as a function of the
polarization angle dispersion, 4. The results from the modified DCF approximation for different values of Upy/o,—the ratio of the strength of U to the velocity
dispersion—are shown in color. For comparison, the classical DCF and the compressional (Skalidis & Tassis 2021) DCF are shown in dashed and dotted black lines,
respectively. Values of Bpog are shown for y/L =0, x/L = 1, where L is the characteristic length of the flow in the x-direction.

Derived Definitions of the DCF 1\/’11:2}11)::1 ior Several Physical Environments
DCF Method Definition Equation
Classical BiSE = J4mp g )
Large-scale flow BRCFF — pRCF ‘ 1— %Z_‘f? ‘ 25)
Shear flow - %UO 12 24)

BYESF = Ao,

U I
2 _ 5320 4 22
%% oy + oy 0

large range of physical conditions (e.g., low- and high-(
plasma, sub- and supersonic gas, and sub- and super-Alfvénic
turbulence). As stated in Section 1, the motivation for our work
is to estimate the B-field strength in the CND under shearing
effects. Therefore, it is appropriate to select a data set with
similar physical conditions to those in the CND. Table 2
compiles the values of the physical variables for the CND and
numerical simulations.

Although values of the physical variables are different, the
dimensionless parameters (M, My, () are very similar. The
selected simulation was computed with the AREPO code
(Weinberger et al. 2020), and it was designed to study star-

forming cores in conditions similar to those in our galaxy
(Mocz et al. 2017). The data set corresponds to a snapshot of
the physical variables in a data cube with a regular grid of 256°
voxels. The data file is in an HDF5 format and was downloaded
from the CATS website-linked repository.® HDF5 files are
handled with the PYTHON package yt (Turk et al. 2011).
Using the data cube, we estimate the maps of Stokes
parameters /, Q, and U by integrating along the LOS at several
rotations of the cube. The Stokes I, Q, and U are computed as

- B’ +B; 2
B} — B?
0= fpon(%)ds, 27)
BB
U= fpon(Z gzz)ds, (28)

(e.g., Wardle & Konigl 1990; Fiege & Pudritz 2000; Planck
Collaboration et al. 2015; Chen et al. 2016), where B;, B,, and

® Data cube used for the synthetic observations https://users.flatironinstitute.
org/~bburkhart/data/CATS /arepo/mhd256GB30M10/snap_073.hdf5.
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Figure 2. Projected and smoothed synthetic observations obtained from ideal-MHD numerical simulations performed with the AREPO code obtained from CATS.
Two-dimensional maps correspond to POS coordinates and are calculated from snapshot cubes by integration along the LOS. Parameters describing the simulations
are shown in Table 2. Top, left: synthetic B-field orientation on top of the column density; the line length is proportional to the polarization fraction, with a maximum
value of 15%. Top, right: POS B-field. Bottom, left: velocity dispersion. Bottom, right: POS velocity. White contours in all panels correspond to levels of column

density.

B; correspond to the components of the B-field,
B = \/B? + Bj + B} is the total B-field strength, n is the
number density, pg is the maximum polarization fraction, and s
is the LOS direction along which the integration is done. For
example, if s =z, then B, = B, and B; = B,. With the maps of
the Stokes I, Q, and U parameters, then the polarization angle
(¢) and fraction (p) can be calculated as

o= %arctan 2(U, Q),

N2 l/2
p= Q% (29)

The uncertainty associated to the Stokes parameters is
modeled as

ox = 0.02X[1 + pg (i, 0)], (30)
where X € {1, O, U}, X is the median value, and pg(u, o) is a
two-dimensional map of the Gaussian noise with zero mean
and o= 1. Values of oy, 0, and oy are propagated through

Equations (29) resulting in

1o + Uop)?

U¢_2 U2—|-Q2
1 ((Qov) + (Uopy? oy (uy] .,
Op ::-;—{-___lilz " gzz [¢ -+ [('}‘) + ('}-) ](T%}' .

&1V

To evaluate and validate any of the DCF expressions
presented above, it is also necessary to create maps of o,
(velocity dispersion, moment 2), N(H,) (column density), and
U, (velocity field, moment 0), in addition to the map of B!
(POS component of the B-field). All of these maps are
calculated from the data cube by density-weighted integration
along the chosen LOS: Uy is calculated from the components of
the velocity in the POS, while o, is the rms value of the
velocity component in the LOS. The Laplacian of the POS
velocity field is calculated as finite difference over the scale of
1 pixel in each direction. The cube is projected assuming a
distance of 8.3 kpc, which results in a pixel size of 0”5. Finally,
in order to take into account the instrumental configurations, all
maps are smoothed using a two-dimensional Gaussian profile
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Figure 3. Left: shear-flow mask for synthetic data analysis. Two criteria are used to create the mask (blue shaded region): (1) pixels where the magnetic field (red
arrows) and flow direction (black arrows) differ by less than +10°, and (2) pixels where the gradient of the flow is different from zero. Right: zoom into a region of the

parallel flow and magnetic-field mask.

Table 2
Typical Values for Physical Conditions in the CND and Corresponding Values
for the Numerical MHD Simulation Used to Create the Synthetic Dust
Polarization Data

Units CND? Simulation

Magnetic field strength, |B| uG 5000P 30
Number density, n cm ™3 10* 10°
Velocity Dispersion, o, kms™' 45 20
Temperature, T K 300 6°
Alfvén Speed, va kms™! 71 1.7
Sound Speed, c¢; kms™! 3.2 0.2
Sonic Mach Number, M; 14 10
Alfvén Mach Number, My 1.1 1.2
Plasma ( 0.0125 0.028
Notes.

# Expected values based on the literature shown in Section 1. These values will
be revisited later in this work (Table 5).

b Assuming |B| = Bpos.

¢ Derived from the value of ¢, assuming an ideal gas state equation.

with an angular resolution of 4”85 (the FWHM equivalent to
HAWC+ 53 pum observations; see Section 4.1). Figure 2
displays the projected and smoothed POS B-field orientation
(from rotated polarization vectors) over the column density
(top, left) and the B-field strength (top, right). The velocity
dispersion (bottom, left) and the POS velocity (bottom, right)
are also shown. In all maps, contours of the column density are
also included for reference.

As Equation (24) is derived for the case where the B-field is
primarily aligned with the steady-state, sheared flow, we want
to apply this expression only to locations of the polarimetric
map where this condition is met. We ensure this criteria by
selecting only pixels where: (1) the difference between the
model POS magnetic field vectors and velocity vectors differs
by less than +10°, and (2) the gradient of the POS velocity field
is nonzero. In Section 4.1, we will select polarization

measurements with a signal-noise ratio (S/N) >3 in the
polarization fraction, which have an associated angular
uncertainty of <9%6. Thus, the first condition ensures that all
selected polarization measurements in the simulation have
similar angular dispersion to the observations. The regions
where these criteria are met are shown in Figure 3 as blue
shaded areas in a map of both the POS B-field (red arrows) and
velocity field (black arrows). From this point forward, such
pixels constitute the shear-flow mask, which will be used for all
synthetic variables involved in the DCF calculations.

We estimate the angular dispersion inside the shear-flow mask
in the synthetic polarimetric data map using the methodology
presented by Hildebrand et al. (2009) and Houde et al. (2009). We
describe the details of this technique in Appendix A and show the
computed parameters in Table 3 (rows 2, and 5-7). For the rest of
the physical variables (e.g., column density, velocity dispersion,
large-scale, shear flow, and POS magnetic field strength), median
values within the mask are calculated and used for the subsequent
DCF calculations. Since the MHD simulations do not provide
estimation of uncertainties for physical variables, only the
uncertainties of parameters from the dispersion analysis are
reported here.

Table 3 shows the results obtained for all three different LOSs:
x, v, and z (second, third, and fourth columns, respectively). Rows
14 display the values of the physical variables needed for all three
estimates of the B-field strengths: mass density (gas column
density and depth of the cloud) and velocity dispersion. Rows
5-Tare the results of the dispersion analysis (Appendix A).
Although only o is needed for the DCF calculation, 6 and N are
important to determine if the effect of the turbulence in the gas/B-
field is fully resolved by the polarimetric data. As shown,
§ > V2FWHM of the synthetic beam,; thus, the turbulence length
scale is resolved in the synthetic polarimetric observations along
the shear flow. Rows 8 and 9 correspond to the minimum and
maximum values of the large-scale flow and its Laplacian, which
are necessary for the modified DCF estimates. The true POS
magnetic field from the model, Bpea™®, is in Row 10. We calculate

three values of the POS B-field strength: (1) classical DCF (BPDOCSF ,
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Table 3
POS B-field Strengths Calculated Using Synthetic Polarimetric Data for Various Sight Lines
LOS X y z
1 N(H,) [cm?] 1.95 x 10** 1.89 + x 10 127 x 10**
2 N [cm] (0.76 £ 0.09)x 107 (1.78 £ 0.21)x 10" (0.73 £ 0.09)x 10"
3 p g cm ™) (1.54 £ 0.05)x 107 '® (6.51 +0.01)x10~"7 (9.43 4+ 0.02)x 107"
4 oy [km s7'] 0.07 0.07 0.06
5 oy 0.31 +0.03 0.10 + 0.03 0.10 + 0.03
6 8 [arcsec] 5.4240.19 8.61 +0.07 11.37 £0.10
7 N 0.12 £ 0.01 0.15 £ 0.01 0.04 £ 0.01
8 Up [km s '] 0.02-2.69 0.00-1.64 0.01-1.22
9 V3(Up) [km s '] —0.05-0.20 —0.04-0.17 -0.05-0.17
10 Bl 1G] 123 1005 925
11 BT [uG] 862 =+ 51(>100%) 1931 + 116(81%-39%) 1613 + 131(60%-89%)
12 BREF [uG] 3927 + 244(>100%) 534 £ 35(38%—45%) 577 4 89(28%—47%)
13 BRESF (1G] 871 + 52(>100%) 1003 + 61(6%) 840 + 114(3%-22%)

Note. Rows 14 contain the values of column density, clouds’ effective depth, mass density, and velocity dispersion. Rows 5-7 correspond to the results of the

Model

dispersion analysis. Rows 8 and 9 are the values of the gas flow. Row 10 is the true value of the POS B-field strength, Bpgg© . Rows 11-13 display the three values of
the estimated B-field strength: (1) Classical DCF (B]POCSF, Equation (3)), (2) Large-scale flow DCF approximation (Bl%%F'F, Equation (25)), and (3) Shear-flow DCF

approximation (BPDOCSF’SF, Equation (24)).

Equation (3)), (2) large-scale flow DCF approximation (BI%CSF’F,

Equation (25)), and (3) shear-flow DCF approximation (BIPOCSF SE
Equation (24)). These values and their uncertainties are shown in
rows 11-13. DCF estimates correspond to median values
calculated over the shear-flow mask, and their uncertainties reflect
how the individual uncertainties in all variables affect the median
(see Appendix C). Percentage difference between the model value,
BYX%el and the DCF estimates are shown in parentheses in
rows 11-13.

The x LOS displays the largest percentage difference for all
three B-field strengths (in comparison to the y and z LOS). This
result is due to the fact that the MHD simulations had their
initial B-field orientation along the x-direction (Mocz et al.
2017). Therefore, any DCF-type approximation will fail if the
B-field is too close to the LOS (Houde 2004).

For the other two LOSs (y, z), the classical DCF
approximation provides values ~40%-90% larger than
Bl The classical DCF method typically overestimates the
B-field strength in the POS by a factor 0.2-0.7 (i.e., discussion
in Skalidis & Tassis 2021). However, the angular dispersion
analysis (Appendix A) should have corrected for this over-
estimation. This result indicates that the classical DCF method
with the angular dispersion correction still overestimates the B-
field strength by at least a factor of ~1.4 for the shear flow
regions in the synthetic observations. The large-scale flow
modification BPDO%F’F, on the other hand, produces values in all
LOS analyses with percentage errors comparable to those in the
classical DCF but systematically producing values under
Bl This particular difference might result from the fact
that our chosen mask includes regions of large velocity
differences, thus implying the importance of considering the
Laplacian of Uy, as in Equation (24). Finally, the shear-flow
correction, BP%CSF SE_ provides the B-field strength closest to the
true values. We estimate that the shear-flow correction,
BRSESE, measures the true value of the B-field with a relative
deviation as low as 3% and as large as 22%.

Although these results suggest that incorporating terms
related to structured flows (Uy, V>Up) into the DCF
approximation improves the accuracy in calculating the POS
B-field strength, it is important to keep in mind that this trend
might not extend to simulations with different initial physical
conditions from those assumed here. Here, we show that the
appropriate DCF method must be based on the physical
conditions of the astrophysical environment.

4. Application to the Galactic Circumnuclear Disk

The B-field in the CND has been studied in far-IR (FIR),
millimeter, and radio observations. Polarized dust observations
(100, 850 pm) indicate that the B-field orientation in the CND
displays an axisymmetric configuration consistent with a self-
similar disk model (i.e., Hildebrand et al. 1993; Hsieh et al. 2018).
These results have assumed an a priori spiral and/or toroidal B-
field configuration. Here, we characterize the POS B-field
orientation and strength from a model-independent approach. We
use the gas kinematics to separate the gas streamers toward Sgr A*
and several DCF approximations to quantify the B-field strength
and energy balance of these streamers.

4.1. Far-IR Polarimetric Observations

We use publicly available SOFIA/HAWC+ polarimetric
observations of the CND obtained under proposal ID 70_0509
(Guaranteed Time Observations by the HAWC+ Team, PI:
Dowell, C.D.). Continuum intensity maps of the Stokes
parameters /, O, and U were obtained at 53 ym using the
standard chop nod match chop observing mode. These maps
have an angular resolution of 4”85, which corresponds to the
FWHM value of the beam. From the Stokes parameter maps,
the polarization angles and polarization fraction maps are
calculated as ¢ = 0.5arctan2(U, Q) and p,, = Q> + UZ/I.
According to this definition, —90° < ¢ < 90°, measured east of
north in a counterclockwise direction. In addition, polarization

fractions are debiased using p = .,/ prﬁ - of, (Serkowski 1974),
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Figure 4. SOFIA/HAWC+ 53 pm observations of the CND. B-field pseudovectors (black) representing the orientation of the magnetic field are plotted on the 53 ym
intensity map (Stokes 7). The location of Sgr A* is depicted by the white star, and the beam size is displayed in the lower-left corner. Vectors displayed satisfy the

condition p/a,, > 3. A legend with a 5% polarization fraction is shown.

Table 4
Orbital Parameters of the Gas Streamers around Sgr A*

Orbital Parameters Units Northern Arm Eastern Arm Western Arc
Eccentricity (e) 0.83 +0.10 0.82 +0.05 0.20 +0.15
Semimajor axis (a) pc 0.99 + 0.44 1.40 + 0.68 1.11 + 0.06
Longitude of the ascending node (£2) deg 64 £+ 28 —42+ 11 71+6
Argument of perifocus (w) deg 132 +40 —280+8 22 +£48
Inclination (i) deg 139+ 10 122 +£5 117+£3
Perifocal distance (q) pc 0.17 0.25 0.89
Period (T) 10 yr 45 76 54

Note. Values were reported by Zhao et al. (2009), and orbits were created using the python package pyAstronomy.

where o, is the uncertainty of the measured polarization
fraction, p,,. The resulting polarimetric data for the CND are
shown in Figure 4. The inferred POS B-field orientations are
displayed on top of the 53 um total intensity. These B-field
orientations are determined by rotating the polarization angles
(E-vector) ¢ by 90°. The length of the B-field orientation is
proportional to the value of polarization fraction. For reference,
the length corresponding to 5% is shown as well as the position
of Sgr A*. Only the polarization measurements that satisfied the
conditions of p/a, > 3, p < 50%, and I > 1.5 x 10°> MJy//sr are
displayed in Figure 4.

4.2. Velocity Field

Three streamers had been identified in the CND using
observations of ionized gas: a northern arm, eastern arm, and
western arc. Zhao et al. (2009) studied these ionized gas streamers
in the CND using data from the Very Large Array (VLA). They
characterized the kinematics of the streamers using the proper

motions of compact H1I regions at two epochs and reported the
best-fit parameters for each streamer assuming the gas is moving
in partial Keplerian orbits around SgrA*. We use the POS
projection of these orbital velocities in the streamers to determine
the velocity field in the shear flow, Uy(x, y), which is necessary for
evaluating the modified DCF (Equation (24)) approximation.
We calculate the three-dimensional velocity vector for each orbit
using the function KeplerEllipse from the PYTHON package
pyAstronomy’ (Czesla et al. 2019). We use the parameters
reported by Zhao et al. (2009), reproduced here in Table 4. For
each streamer, a total of 100 individual orbits is calculated.
This was done by choosing values of eccentricity (e) and
semimajor axis (@) uniformly distributed in the range [e¢ — Ae,
e+ Ae] and [a— Aa, a+ Aa] while keeping all other
parameters fixed. However, because of the large fractional

7 pyAstronomy can be found at https://pyastronomy.readthedocs.io/en/
latest/
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Figure 6. Auxiliary data for DCF calculations. Left: column density map for the CND, calculated via SED fitting of Herschel data. Right: velocity dispersion map
calculated from [C 1] spectral emission observed with SOFIA /GREAT. In both panels, contours correspond to the HAWC+ 53 um intensity levels, and the white star

represents the location of Sgr A™.

error in the value of the argument of the perifocus (w) in the
western arc (218%), this parameter was also varied for this
case. Changing the values of the other parameters showed no
effect on the kinematic variables. Each orbit is initially
evaluated for 350 temporal points during a complete orbital
period; this, of course, produces an entire ellipse. We then limit
the bundle to the extent of the streamer (as seen in Figure 5) by
applying cuts based on (a) an S/N in the polarized intensity of
pl/o,; >3, and (b) the projected azimuthal angle (measured
east of north) with respect to the position of Sgr A*. These
azimuthal cuts were applied at —10° and 60° for the northern

10

arm, 65° and —135° for the eastern arm, and —10° and —170°
for the western arc.

The results from evaluating the KeplerEllipse function are
the velocity components v,, v,, and v, and their corresponding
coordinates x, y, and z (with respect to the position of SgrA”®).
Using this information, the POS velocity components (vy, v,) were
mapped onto the same grid as the HAWC+ polarimetric data. All
velocity values within the HAWC+ pixel scale are averaged, and

the POS velocity is calculated as vpos = 1/vxz + vy2. Figure 5
displays the POS velocity vector field for all three streamers
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Table 5
POS Magnetic Field Strength Calculated for the Overall CND and Streamers
CND Eastern Arm Northern Arm Western Arc

1 N(H,) [cm %] 6.36 x 10? 5.48 x 10* 5.45 x 107 8.25 x 10%
2 N [cm] (3.38 £ 0.51)x10'® (1.18 £0.19)x10'® (1.15 £ 0.31)x 10" 0.71 £0.11)x10'®
3 plgem ) (0.89 4+ 0.01)x10~"? (2.12 £ 0.02)x 10" (2.21 £0.02)x 10" (5.41 £0.05)x10 "
4 o, [km s 35 38 29 36
5 0 [rad] 0.48 + 0.07 0.50 + 0.07 0.14 + 0.07 0.36 + 0.10
6 6 [arcsec] 11.25 +0.27 5.08 £0.16 3.25+0.27 10.25 + 0.47
7 N 0.85 £ 0.02 0.82 + 0.04 21403 03+0.0
8 Up [km s~ '] 20 + 3-432 + 48 30 + 1-432 + 48 20 + 3-326 + 10 44 +5-11945
9 VX(Up) [km s~'* (-8-9)x10° (=1-1)x10° (—=10-6)x10? —50-62
10 BEE [mG] 73406 129+ 1.1 333+59 24.0+2.1

(54 +0.4-9.9 + 0.8) (9.1 £0.8-152 £ 1.3) (30.9 4+ 5.5-40.3 + 7.2) (17.0 + 1.5-27.4 + 2.3)
11 BRSEF [mG) 29409 31+14 19.7 + 6.1 45+18

03 +14-173+32) (0.4 +2.1-37.4 £ 7.6) (2.9 + 6.0-32.2 + 6.4) 0.7 +1.5-13.2 £ 2.0)
12 BRESE [mG] 1.0£02 40+12 51408 8.5+23

(0.3+£0.5-29£0.8) 09 +£1.7-13.4+3.8) (1.3 £1.0-15.6 £2.8) (2.7 £2.6-26.5 £ 3.6)

DCF

Note. For each streamer, three values are displayed: (1) classical DCF approximation (Bpgyg ), (2) large-scale flow modified DCF approximation (BI%CSF‘F), and (3)
shear-flow modified DCF approximation (BI%CSF SF). Rows 1—4 contain the values of column density (N(H,)), clouds’ effective depth (A'), mass density (p), and
velocity dispersion (o,). Rows 5—7 summarize the results from the dispersion analysis. Rows 8 and 9 correspond to values associated to the background flow. Rows

10-12 display the POS magnetic field strengths.
# Calculated over spatial scale equal to A,

overlaid onto the HAWCH 53-um polarized intensity, PI. POS
velocity ranges are ~20-326 kms ' for the northern arm,
~30-432 kms ! for the eastern arm, and ~44-119 kms ™' for
the western arc. In creating these velocity fields, we retained only
pixels that show PI /Up, > 3.

4.3. Column Density and Velocity Dispersion

Two other physical variables necessary to estimate the POS B-
field strength are the column density, N(H,), and LOS velocity
dispersion, o,. Column density maps are typically constructed by
means of spectral energy distribution (SED) fittings using multiple
wavelength measurements in the range of FIR to millimeter (e.g.,
Chuss et al. 2019). We use column density values for the CND
from the publicly available maps® created by the HIGAL project
(Molinari et al. 2010). These maps were calculated using
multitemperature differential SED fitting of Herschel wave-
lengths: 70, 140, 250, 350, and 500 pm (Marsh et al.
2015, 2017). Figure 6 (left panel) displays the column density
map for the CND. The values of N(H,) range from ~ 10> cm ™
closer to the location of Sgr A* to ~10** cm ™2 in the western
arc. This map has an angular resolution of 14”.

The velocity dispersion map (Figure 6, right panel) was
obtained from the line widths of [C II] spectral observations taken
with SOFIA /GREAT (Heyminck et al. 2012). The [C 1] spectral
cube has spatial dimensions of 30 x 45 pixels and covers velocity
channels between —220 and 420 km s~ with a spectral resolution
of 385m s~ '. The angular resolution of this data cube is 14”1,
and it has a pixel scale of 7”. Figure 6 (right panel) shows the
resulting velocity dispersion map. Dispersion values are calculated
from the line widths and then corrected to disregard the linewidth
contribution due to thermal motions of the gas/dust. Values range
from ~40 kms™!, close to the edge of the northern arm, to

8 The map can be found at http://www.astro.cardiff.ac.uk /research/

ViaLactea/.

11

~80 km s ! in the eastern arm. Full details on the calculation of
this map can be found in Appendix B.

4.4. Magnetic Field Strength

We now have all of the necessary data to estimate the B-field
strength using the modified DCF. First, we calculate the strength
for the entire CND region. All variable values and results are
displayed in Table 5, column 2. We want to focus only in the
“dense” and brightest regions, with the highest S/N, as detected
by the HAWC+- observations. Thus, we ap]ply a cutoff in Stokes /
intensity at 4 Jy pixel ' (1.5x10°> MJy st ')—the same as shown
in Figure 4. The dispersion analysis described in Appendix A was
applied to all polarization measurements above the intensity level
that satisfies the 3¢ criteria in polarization fraction. We obtained
values of o, =0.48 = 0.07 radians and 6 = 11”25 4 0”27. Since
8 > J2W = 2790, the turbulent scale in the gas sampled by the
polarimetric data is properly resolved, and therefore, the B-field
strength can be calculated.

Because N(H,), p, and o, vary less than a factor of 2 over
each streamer (Figure 6), we display their median in rows 1-4
of Table 5. Rows 5-7 show the results of the dispersion
analysis. Rows 8 and 9 show the lower and higher values of the
large-scale flow and its Laplacian. Rows 10-12 show values of
Bpos calculated according to the procedure described in
Appendix C—for each DCF approximation: Classical (10),
large-scale flow (11), and shear-flow (12). For each approx-
imation, the median value is displayed along with the range
corresponding to the 5th and 95th percentiles, in parentheses.

For the full CND, the classical DCF method produces POS
B-field strengths between 5.4 +0.4 and 9.9 + 0.8 mG, with a
median of 7.3 + 0.6 mG. The bimodal shape of the distribution
in Figure 11 (left panel) may reflect the fact that all three
streamers (with different physical conditions) are considered in
one analysis. When using the large-scale modification of the
DCF, Bpag", we obtain a range of values 0.3+ 1.4 to
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17.3 £3.2mG, with a median of 2.9 + 0.9 mG. This larger
range of Bppg values (in comparison to that of classical DCF)
reflects the large range of flow speed present in the streamers.
Finally, using the shear-flow modified DCF expression, we get
lower values of Bpps, between 0.3 £0.5 and 2.9 + 0.8 mG,
with a median of 1.0+ 0.2 mG. Magnetic fields of a few
milliGauss (<5 mG) have been previously found in the CND
(Hsieh et al. 2018; Dowell et al. 2019; Schmelz et al. 2020).
However, we note that stronger B-field strengths at scales of
~1 pc seem possible but not likely, based on the small
occurrence of such values in our results.

Applying the modified DCF, Bisd ¥, approximation to the
entire CND region is not the best approach since it assumes a
B-field structure primarily in the same direction as the large-
scale flow. In addition, we show that a median B-field of the
CND may not be appropriate, as there are different physical
environments (i.e., streamers) within the considered field of
view that require independent analysis.

We now perform similar calculations for each streamer
separately using the masks constructed based on the POS
velocity field (Figure 5). Each mask was then applied to all data
sets (polarimetric, column density, and velocity dispersion)
before repeating the procedure described above for the CND.
All variables’ values and results for the three streamers are
summarized in Table 5. First, we see that the 53 pm
polarimetric data is able to resolve the turbulence scale inside
the masks (6 > ~2W). It is interesting to note that the
turbulence scale in the western arc, 107254+
0747 =0.38 0.02 pc, is similar to that calculated for the
entire CND, 11.25£0.27 =0.43 +0.01 pc. However, in the
eastern, 0.19 = 0.01 pc, and northern, 0.12 £ 0.01, arms, the
turbulence scale is approximately a half and a third of the
CND’s value. These results reinforce the importance of
separate analysis for each streamer. With the results from the
dispersion analysis, we computed the same estimations as those
in Figure 11 for all three streamers. Using the traditional
DCF approximation, median values of Bjaa are: 12.9 + 1.1,
33.3+5.9, and 26.9 +2.2 mG for the eastern arm, northern
arm, and western arc, correspondingly. All three of these values
are considerably larger than the value calculated for the CND
with the same classical DCF approximation. The range of
values of these medians appears to be symmetric with a width
of only few milliGauss (hence, the relatively small fractional
uncertainties). Although magnetic field strengths of tens of
milliGauss are likely in smaller regions in the CND, we know
from the results with synthetic data that values calculated with
BisE are overestimated by >40%. On the other hand, values of
BisdF show distributions with long tails at large values and no
apparent trend for the median. As mentioned before, this is due
to the breakdown of the requirement that o,(Uy/0,) > 1 for the
BREF approximation. Thus, the Biys and BRseF are not
considered in the scientific analysis of the CND that follows.

Finally, using the shear-flow-modified DCF (BP%CSF'SF), we
obtain physically reasonable median values for all three
streamers. We estimate 4.0+ 1.2mG, 4.7+1.3mG, and
8.5 £2.3 mG for the eastern arm, northern arm, and western
arc, respectively. These results suggest that both the northern
and eastern arms have similar median POS magnetic field
strengths but less-common values greater than 10 mG (based
on the 95th percentile of their Biaa " distributions). The
western arc, on the other hand, shows stronger magnetic fields
than those in the other two arms—approximately two times
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Figure 7. POS magnetic field strength as a function of spatial scale size, L.
Three values are shown: blue symbols correspond to Bise; red symbols
correspond to B]%CSF’F; and green symbols correspond to BPDOCSF'SFA In all three
cases, Bpos scales as a power law with L;.

their values. These larger values in the western arc can be
attributed to the fact that this particular streamer displays the
lowest range of shear velocity and its Laplacian, which is
expected according to Equation (24).

5. Discussion
5.1. B-fields in the Gas Streamers of the CND

The B-field morphology is largely organized and cospatial
with the ionized gas streamers pointing inwards toward SgrA”*.
Our modified DCF method accounting for the shear flow
suggests that these streamers have POS B-field strengths of
4 —9mG with typical turbulent length scales of 0.1-0.4 pc
(3”2-10"). We discuss these results in terms of previously
reported values of the B-field strength and the dynamics of
the CND.

Zeeman measurements have inferred B-field strengths of
1-3 mG (pointing to us) in the LOS direction in the southern
and northern regions of the CND (Killeen et al. 1992; Plante
et al. 1995). These results were obtained with OH and HI gas
with a beam size of 4”-6" using the VLA. Preliminary results
using the classical DCF method with 53 pm HAWC+ /SOFIA
data reported similar values for the POS B-field component
(Dowell et al. 2019). However, as stated previously, these
estimates are subject to the limitations of the classical DCF
approximation, especially in presence of large-scale and
sheared flows. Thus, the B-fields in the CND need to be
characterized for each streamer.

The western arc has a larger Bppos value than the other two
streamers in the CND. Given that the shear-flow speeds in the
western arc are lower than those in the northern and eastern
arms, one might speculate that the western arc has not been
disrupted as much by the gravitational pull of Sgr A*. In
addition, this streamer has the smallest width and the highest
column density. We conclude that its B-field strength may be
closer to that of the unperturbed B-field initially at equilibrium
with the gas and dust and/or highly compressed within the
streamer.

On the other hand, we can see from Table 5 that the Bpog
values seem to scale with the “size” of the cloud: larger areas
tend to have weaker magnetic fields. In order to characterize
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Figure 8. B-field configuration in the CND and streamers. The B-field’s
orientation is represented for each streamer by line integration contours (Cabral
& Leedom 1993) inferred from the 53 pm HAWC+H data. The B-field’s
strength is represented in a one-dimensional way along the main direction of
the streamer. Stronger B-fields correspond to larger distances away from Sgr A*
(red star), and weaker magnetic fields are inferred closer to Sgr A* where the
shear flows (white arrows) are larger. The background image corresponds to
the 53 pm intensity. A legend showing a velocity field of 300 km s~ is
displayed.

this tendency, Figure 7 shows Bpgs as a function of the one-
dimensional length scale, L,. Here, assuming that the distribu-
tion of the gas is isotropic, we can use the values of A to
estimate L,, We display all four median values (the three
streamers and the CND from Table 5) for the classical DCF
approximation (blue), the large-scale flow modified DCF (red),
and the shear-flow modified DCF (green). The classical DCF
and shear-flow modified DCF are well described by power-law
functions, but the large-scale flow modified DCF is not. For
those cases well described by power laws, the best fits have
exponents of —0.83 +0.37 and —1.54 £0.18, respectively,
which are larger than the value suggested by Chuss et al.
(2003) of —0.5. The steeper dependence of Bpgg with L results
because the polarization angle dispersion—not explicitly
considered in the Chuss et al. (2003) analysis—also depends on
L, which can appear in nonlinear terms when large-scale flows
are considered. Therefore, this might indicate the existence of
stronger magnetic fields in smaller regions when shear flows
interact with it—i.e., B-field amplification occurs to conserve
the magnetic flux per area.

Based on our results, we can hypothesize that the high-speed
velocity field in the streamers might affect turbulent and
ordered magnetic fields in different ways. Following Dinh et al.
(2021), who concluded from smoothed particle hydrodynamics
that streamers in CNDs can be transient features caused by
large-scale (0.03—2 pc) turbulence with lifetimes of ~10° yr,
we can assume that the large-scale ordered B-field evolves at a
temporal scale much larger than that of the turbulent motions.
Therefore, the presence of the shear flow in the streamers may
provide a restoring force that acts against the turbulent motions
perpendicular to the flow-magnetic field direction. This appears
evident in the northern arm and western arc: their velocity
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dispersion values (proxy for turbulent motions velocity) are
similar within the uncertainties, but the northern arm displays
shear speeds and lower values of angular dispersion in
comparison with those in the western arc. This does not
appear to be the case for the eastern arm, but in this case the
velocity dispersion is larger than in the other two streamers. As
a consequence, even relatively weak magnetic fields can
display low angular dispersion.

On the other hand, the effect of the shear flow on the large-
scale, ordered magnetic field can be more complex. Although
BEPOCSF SF does not depend explicitly on spatial coordinates, it
does through the spatial dependence of the shear flow. It is
clear from Figure 5 that locations with slow flow have larger
radial distances from the orbit’s focal point (Sgr A*). For
shorter radial distances, the flow has larger speeds. Through
Equation (24), one can expect to find weaker magnetic fields
where the flow is faster. This dependence of the magnetic field
strength on radial distance poses an important aspect for the
energetics in the CND and the streamers. This is studied in
Section 5.2 (see Figure 8).

5.2. Importance of the B-field in the CND

To assess the importance of the B-field in comparison to the
thermal gas dynamics, we measure the plasma § parameter—
the ratio of gas thermal pressure to magnetic field pressure.
Assuming a conservative value for gas temperature Ty, = 300
K (Mills et al. 2013) and values from Table 5, we calculate the
plasma (3 parameter as
n(H)kp Tgas

6plasma (BI)])()%F’SF )2/87'(' 5 (32)
where n(Hy) = N(H,)/A' is the number density. We found
that the range of values of this parameter for the streamers is:
Botasma = 1.6 x 107> to 2.3 x 10> for the northern arm,
Bplasma = 2.7 X 107* to 5.9 x 1072 for the eastern arm, and
Bplasma = 0.6 X 107 to 5.4 x 10> for the western arc. For
values of [Byasma <1, the magnetic pressure dominates,
implying that the magnetic field is rigid and the gas flows
along it. However, in environments where the gas kinematics
has other important components, such as in the CND and
streamers, a more appropriate parameter was proposed by
Lopez-Rodriguez et al. (2021)

_ Uy + Uk

!

B U (33)
which compares the sum of hydrostatic (Uy) and turbulent
kinetic (Uxk) energy densities to that of the magnetic field (Up).
We use the following definitions Uy = 7G (N (Hy)my )2,
Ug = 3po7, and U = (BRSSST)2 /8w, where N(Hp)myy. is
the gas area density with my = 1.67 x 10~>*g being the mass
of hydrogen, 11 = 2.8 the mean molecular weight, and G is the
gravitational constant. The range is ' =7.7x 102 to
9.4 x 10° for the northern arm, 3 = 1.6 x 10~ to 3.0 x 107
for the eastern arm, and 3 = 5.8 x 1072 to 1.2 x 10" for the
western arc.

Remembering that the inferred B-fields are stronger where
the streamer flows are slower (larger radial distances from Sgr
A™) and weaker where the flows are faster (smaller radial
distances), the (' results imply that a transition from
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magnetically dominated (5’ < 1) to gravitationally dominated
(8’ > 1) accretion of CND material onto Sgr A* occurs
somewhere along the streamer’s long axis. This transition
occurs where 3 =~ 1. In order to visualize this transition,
Figure 8 displays a one-dimensional representation of the
magnetic field dependence on the CND, atop the inferred
magnetic field orientation. For each streamer, the color bar
represents the variation of the magnetic field along the shear
flow main direction. Stronger fields are at the outskirts of the
streamer while weaker fields are at the inner regions, i.e., closer
to Sgr A". Using the values calculated in this work, we
determine that the transition takes place at projected radial
distances from Sgr A* between 0.7 pc and 1.8 (mean: 1.1 pc)
for the northern arm, between 0.5 and 1.3 pc (mean: 0.8 pc) for
the eastern arm, and between 1.1 and 1.3 pc (mean: 1.2 pc) for
the western arc. The variation of these values occurs primarily
in the direction perpendicular to the streamer’s axis, with the
smaller value at the outer edge of the POS velocity field. The
transition area (3~ 1) is displayed in Figure 8 as a shaded
annulus, with inner and outer radii defined by the maximum
and minimum values of the means above, 0.8 and 1.3 pc,
correspondingly.

Hsieh et al. (2021) found, using Atacama Large Millimeter/
submillimeter Array (ALMA) CS observations, that turbulence
in the CND changes the limits of densities in the vicinity of Sgr
A™ for which dense clouds can collapse and form stars. For
distances >1.5 pc, turbulence dominates the internal energy,
and clouds require smaller densities to collapse. For distances
< 1 pe, tidal forces dominate, and the density limit quickly
increases. Our results also demonstrate that at distances <1 pc
from Sgr A*, gravitational pull is very strong and dominates
over magnetic forces as well. For distances =1 pc, on the other
hand, magnetic fields—not considered in Hsieh et al. (2021)—
can affect such collapsing density limits by the well-known fact
that collapsing perpendicular to the magnetic field lines is
prevented by increased magnetic pressure.

In regimes of large to very large magnetic Reynold’s
number, R,,, like in the CND?’, the convection of the magnetic
field dominates over the diffusion in the evolution of the
magnetic field. Because of the shearing nature of the steady-
state flow in the streamers of the CND, the magnetic field
weakens as the flow speeds up and become more sheared. This
picture appears to be consistent with our observation that the
magnetic field along the direction of the streamers is weaker
closer to Sgr A*. Moreover, because of this transition from
magnetically dominated to gas-dominated dynamics in the
streamers, one can conclude that for radii 21 pc (on average)
from Sgr A*, the accretion of material might be influenced by
the magnetic field. Determining the nature of such influence
will likely require a detailed knowledge of the B-field strength
(map) obtained by higher-resolution observations or numerical
MHD simulations of the CND.

6. Conclusions

We have studied the effect of shear flows on the strength of
the POS magnetic field in the CND using dust polarimetric
observations from SOFIA/HAWC+H. This study required
modifying the DCF method by studying the propagation of
an Alfvén wave along a magnetic field with a background,

° R,, =~ 10> — 10% for the warm and hot gas in the disks of spiral galaxies

(Shukurov & Subramanian (2021), their Table 2.2).
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structured flow. As in the case of the classical DCF, the wave
dispersion relation provides the means to infer the magnetic
field. We obtained an expression for the POS magnetic field
strength, which we called the shear-flow modified DCF, which
depends explicitly on the spatial structure of the flow and its
Laplacian. This new DCF approximation reduces to the
classical DCF when no background flow term is present, and
the large-scale expression developed by Lopez-Rodriguez et al.
(2021) is recovered for a constant flow. Moreover, when the
amplitude of the shear flow is much larger than the velocity
dispersion, the modified DCF expression tends to behave
similarly to that of Skalidis & Tassis (2021).

This modified DCF approximation was first tested using
synthetic polarimetric data constructed from MHD simulations.
These simulations were performed by the CATS project and
made available for public use through their website. We chose
a simulation with physical conditions that resembled those of
the CND: subsonic, super-Alfvénic turbulence in a hot, low-3
plasma. This test revealed that the modified DCF expression
provided values of Bpog With errors between 3% and 22% and
fractional uncertainties between 5% and 13%, for LOSs
perpendicular to the initial uniform magnetic field. A big
contribution to the uncertainties and errors comes from the
terms related to the background flow structure.

The magnetic field strength in the CND was estimated using
the modified DCF expression. We used SOFIA/HAWC+ 53-
pm polarimetric data to estimate the dispersion in the magnetic
field and column densities from SED fittings. Velocity
dispersion values were determined from spectral fitting of
[C1] observations taken with SOFIA/GREAT. The POS
velocity field of the sheared flow in the CND streamers was
determined by Keplerian orbital modeling. We found that the
magnetic field strength for the entire CND ranges between
~0.3 and 3 mG, which is not uncommon at these spatial scales.
Stronger magnetic fields were found in all three streamers
(~1-14 mG for the northern arm; ~1-16 mG for the eastern
arm; and ~3-27mG for the and western arc). Stronger
magnetic fields correspond to locations in the streamers where
the flow is slower, farther away from Sgr A*. Weaker magnetic
fields, in turn, are the result of faster shear flows, typically
occurring closer to Sgr A*. In addition, we found that the
dependence of Bpos on the length scale of the cloud follows an
inverse power law, with exponents larger than previously
reported (Chuss et al. 2003).

The presence of the steady-state, shear flow appears to have
two separate effects on the components of the magnetic field:
(1) the flow along the magnetic field direction can reduce the
turbulent component by suppressing motions perpendicular to
the magnetic field; and (2) although the magnetic field pressure
seems to dominate over the thermal gas motions, other
important kinematic properties (i.e., turbulence) in the
streamers provide conditions where the energy density in the
gas seems to dominates throughout most of the CND. Our
results also suggest that the magnetic field is weakened along
the direction of the flow (toward Sgr A*) due to its shearing
nature. Finally, our results indicate that the transition from
magnetically to gravitationally dominated accretion of material
onto Sgr A* occurs at distances >1 pc.

More accurate values of POS magnetic field strength require
measuring the dependence of the angular dispersion (o) along
and perpendicular to the magnetic-field-flow structure, which
can only be achieved by higher-resolution polarimetric data
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from observatories like ALMA. In addition, velocity dispersion
values can be improved by obtaining observations of molecular
tracers coexisting with the ionized material in the streamers
(rather than the dust). In the future, we want to improve upon
this work by better modeling the three-dimensional geometry
of the streamers in order to determine more accurate LOS cloud
depths, which in turn will improve parameters from the
dispersion analysis and mass density estimates.
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Appendix A
Dispersion Analysis

In the DCF approximation (Equations (3), (25), and (24)),
the measure of angle dispersion o, should only consider the
deviations of the magnetic field due to the turbulent motions
and not deviations due to the overall shape of the magnetic
field. Hildebrand et al. (2009) and Houde et al. (2009)
developed a method (which we call dispersion analysis

Guerra et al.

throughout this paper) that measures o, by characterizing the
structure function of the angle difference A¢(f) between all
pairs of angles separated by the distance ¢, 1 — (cos[A¢(£)]).
This function is then described by a two-scale model,

1 — /2@ +2w?)

1+N[ ]7]

where the first term describes the contribution to the dispersion
from the small-scale, turbulent motions, and the second term
describes the contribution from the large-scale magnetic field
(B?)

2
0

the turbulence correlation length, the observation’s beam
radius, the number of turbulent cells along the line of sight
(LOS) defined as N = (62 + 2W2) A /(27 6%), and the ratio
of turbulent-to-ordered magnetic field energies, respectively.
The first term is the most relevant for the DCF estimation
because it considers the correction to the dispersion due to the
LOS and (assumed Gaussian) beam integration. In this context,
o3 ~ b2(0), where b(0) = ((B?)/(B§))N ! is the amplitude
of the correlated turbulent part of the dispersion function (first
term in Equation (Al)). Thus, the angle dispersion can be
estimated as g, = \ANb2(0) = \/<B,2>/<BO2>.

Parameters as, 6, and (B?)/(BZ) (or b*(0)) are determined from
dispersion functions like those in Figure 9 (left panel). In Figure 9,
three panels are shown: (a) the dispersion function (blue circles)
where the best-fit model (red line) for the large-scale component is
displayed as a function of 2, (b) the same as panel (a) but as a
function of ¢; and (c) the correlated turbulent component (blue
circles), 1 — {cos[A¢(£)]) — a»l?, the corresponding best fit
(red dashed line), and the correlated beam profile (gray solid line).
The importance of panel (c) is that it verifies the correlated
turbulent function is wider than the uncorrelated beam (.e.,
8 > J2W), meaning that the turbulence is resolved by the

+ axt?, (Al

1 — (cos[Ap(D)]) =~

(B
(Bg)

geometry. In Equation (A1) 6, W, N, and correspond to
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Figure 9. Results from the dispersion analysis and corresponding Markov Chain Monte Carlo (MCMC) fitting performed to the entire CND. Left: dispersion function
(blue circles) as a function of Zz(panel (a)) and {(panel (b)). The solid red line corresponds to the best-fit model. Panel (c) displays the autocorrelated turbulent
component of the dispersion function (blue circles) with its corresponding fit (red dashed line). For comparison, the autocorrelated beam is displayed with the solid
gray line. Right: corner plots for the MCMC posterior distributions of parameters fitting the dispersion function.
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polarimetric observations and the effect of beam-and-LOS
integration is properly accounted for in the angular dispersion
estimation.

Throughout this work, the best-fit parameters for the
dispersion functions were determined using a Markov Chain
Monte Carlo MCMC) algorithm, emcee. In Figure 9 (right
panel), the corner plots show the posterior distribution and
correlation plots for parameters a,, 6, and b2(0). Best-fit
parameter values are estimated as the median values, and their
uncertainties correspond to the standard deviation.

Figure 9 specifically displays the results of the dispersion
analysis for the entire CND. In panel (c) (left), it is clear that
the turbulence in the gas and magnetic field is resolved by the
observation’s beam size, since the correlated turbulent function
is wider than the autocorrelated beam profile (or
§ = 11.25" > 2 W = 2"90). Therefore, the value of 04 can
be regarded as accurate, and the resulting Bpog values are not
overestimated. Similar analyses were performed for the CND
streamers separately (not shown here). All resulting values are
summarized in Table 5, rows 5-7.

Appendix B
Velocity Dispersion Data

In order to determine the velocity dispersion map for the CND,
we used [C 1] observations of the CND by SOFIA /GREAT (cycle
5, proposal 05_0102, PI: Morris, M.). We used the python
package spectral_cube to manipulate the data cube and
perform the reduction. The following reduction steps were taken to
measure the line widths: (i) data were smoothed in the spectral
direction was using a one-dimensional box kernel (window) with a
size of 20 velocity steps10 (7.7 km sfl); (ii) a spectral noise map
was calculated by determining the standard deviation of the
signal in the line-free region of the spectrum; (iii) a spatial
mask was applied to eliminate pixels with peak intensity less
than three times the noise level; (iv) a spectral mask was
applied to each pixel to limit the spectrum to a defined width
around the peak velocity; and (v) maps of the moments 0-3
were created with the resulting, clean spectra. First, we
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determine the adequacy of the [CII] data as tracer of the
turbulent motion in the CND. Figure 10 (left panel) displays the
[C11] (spectral) integrated intensity (M;) in the CND. Contours
corresponding to the 53 um intensity (Figure 4) are overlaid on
this map. We see from this figure that enhanced [C 1I] intensity
appears to be cospatial with the dust emission in the western
arc and part of the northern arm but not with the eastern arm.
This is likely due to different temperatures in the eastern arm.

Figure 10 (right) shows the spatially averaged spectra. Two
absorption signatures are seen at velocities ~—60 kms™' and
0kms ™', which are known to be due to the 3 kpc spiral arm in
front of the Galactic center and other clouds within a few
kiloparsecs of the solar neighborhood (Goto et al. 2002). A
Gaussian profile seems to fit the [C II] emission line adequately
—most emission is seen in excess of the Gaussian profile for
velocity channels < 0 kms™'. We fitted the [C 1] line using an
MCMC routine so the uncertainty in the Gaussian parameters
can be assessed. The dashed red line represents the best-fit
Gaussian model while the blue lines are a random selection of
MCMC chains, which represent the spread of the fitted
parameters. The measured velocity dispersion values are
calculated as o, , = \/E , where M, is the spectral second
moment. These measured velocity dispersion values must then
be corrected to extract the contribution due to thermal motions
and leave only the component due to the turbulent motions

(see, e.g., Tram et al. 2023). Thus, we calculate
0"% = U%’m — kBZgas/m where kg is the Boltzmann constant,

Ty, is the temperature of the gas (proxy for excitation
temperature), and m is the ion’s mass. Since [CII] is singly
ionized carbon, its mass is practically same as the C atom,
1.99 x 10~ **g. CND’s Tyas map was also obtained from the
HiGAL project’s public products (Molinari et al. 2010). The
resulting velocity dispersion map is shown in Figure 6 (right
panel). Values range between ~40 and ~75 kms~ ', similar to
values estimated using single-point observations of H92«
emission (Zhao et al. 2009) and H, (Mills et al. 2017) lines,
after adjusting for differences in beam size.

GREAT [CII] Average Spectrum

——- Gaussian Fit (u=54+ 2 kms™, =32+ 2 kms™?)

0 T T
—-200 -150 -100

Velocity [kms™!]

Figure 10. Average spectrum of [C II] emission from the CND. Observations were obtained with SOFIA/GREAT. The emission line was modeled as Gaussian in
order to estimate its width as the turbulent velocity dispersion. Measured line widths were corrected for thermal motion widening. Figure 6 (right panel) displays the

map of velocity dispersion derived from this data.

19 Variations of this kernel’s size resulted in little to no effect in line widths.
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Figure 11. Distribution of POS magnetic field strength (Bpos) values for the entire CND using the three DCF approximations: classical (left), large-scale flow
modification (middle), and shear-flow modification (right). In all three panels, black solid vertical lines indicate the median of the distribution. Red solid vertical lines
to the left and right of the median indicate the 5th and 95th percentiles, correspondingly. Dotted vertical lines indicate the spread of such values when uncertainties in

Bpos are considered (see the text for details).

Appendix C
Uncertainties in POS Magnetic Field Strength

Values of some variables involved in the different DCF
calculations vary largely over the studied region, yielding large
variations in the B-field strengths. Thus, calculating a single value
(i.e., using median values for each quantity) might not be the best
approach. Instead, we calculate a map of B-field strength, using the
maps of p, 0,, Uy, and VZUO and a constant-value map for o.
This, of course, produces a map of Bpog; however, because of the
average nature of the o,, value, the spatial distribution is not fully
accurate. Therefore, the median values of the resulting Bpog maps
are more representative. Figure 11 shows an example of the
resulting distributions from which median values can be obtained,
each calculated using a different DCF expression: classical (left),
large-scale flow (middle), and shear-flow (right). These calcula-
tions correspond to entire CND region (Section 4). B-field
uncertainties are computed through the propagation of each
physical variable’s uncertainties using the python package
Uncertainties (Lebigot 2016). The median value (solid
black line) and the range between the 5th and 95th percentiles
(solid red vertical lines) are displayed. In order to account for the
uncertainties in individual Bpog values, we apply the following
bootstrapping-like process. First, every Bpog value is replaced with
a randomly selected value in the range [Bpos— 0(Bpos),
Bpos + 0(Bpos)]- Then, this process is repeated 1000 times, thus
creating an ensemble of distributions of Bppg values. From this
ensemble, we report values for the median, and 5th and 95th
percentiles of Bppg (solid black lines in Figure 11) and their spread
as the standard deviation for the same values (dotted red lines).
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