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Abstract

The circumnuclear region of the Galactic center offers a unique laboratory to study energy balance and structure
formation around Sgr A*. This work investigates thermal and nonthermal processes within a 7 pc distance from
Sgr A*. Using MeerKAT 1.3 GHz radio continuum data and Atacama Large Millimeter/submillimeter Array
H40« radio recombination line emission from the ACES survey, we separate free—free and synchrotron com-
ponents at ~0.2 pc resolution. With a thermal fraction of ~13%, the 1.3 GHz emission shows tight correlations
with the Herschel PACS IR data. The correlation between the equipartition magnetic field and molecular gas
traced by JCMT 'CO (J =3 — 2) observations reveals a balance between the magnetic field, cosmic rays, and
molecular gas pressures south of the circumnuclear disk on ~0.7 pc scales. Unlike the magnetic field and ionized
gas, the molecular gas density declines in the cavity (R < 2 pc) toward the center, likely due to feedback from
Sgr A*. We find that nonthermal pressure from turbulent gas nearly balances magnetic and cosmic-ray pressures
and exceeds the thermal pressure by 2 orders of magnitude. The medium surrounding Sgr A* is filled by a low-3
(thermal-to-magnetic energy ratio), supersonic plasma, with an Alfvén Mach number ~ 4 (assuming equiparti-
tion). Analysis of the mass-to-magnetic flux ratio suggests that the circumnuclear region is mostly subcritical and,
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therefore, the magnetic field can help stabilize gas clouds against gravitational collapse.

Unified Astronomy Thesaurus concepts: Galactic center (565); Star formation (1569); Interstellar thermal

emission (857)

1. Introduction

The Galactic center (GC) at the heart of the Milky Way
serves as a prominent region for star formation, and is the
Galactic nucleus where resolved studies of the interstellar
medium (ISM) are possible with most common instruments
(F. Yusef-Zadeh et al. 2013, 2015; J. D. Henshaw et al. 2023).
The star formation activities at the GC have been discussed in
various studies (e.g., M. Morris 1993; J. D. Kruijssen et al.
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2014; A. Barnes et al. 2017; J. D. Henshaw et al. 2023;
L. Colzi et al. 2024; S. King et al. 2024). Although this central
region is rich in molecular gas that fuels star formation, the
star formation efficiency in the GC is lower than anticipated
(S. N. Longmore et al. 2013). A high gas threshold density
(ng, = 10" cm™ %) for star formation suggests that the slow
evolution of the gas toward collapse is limiting the star for-
mation rate (SFR) due to a combined effect of several factors
in this region (e.g., S. N. Longmore et al. 2013; J. D. Kruijssen
et al. 2014). The role of magnetic fields and turbulence has
been studied as the most prominent factors controlling the star
formation activity in molecular clouds of the central molecular
zone (CMZ; e.g., T. Pillai et al. 2015; C. Federrath et al. 2016;
X. Lu et al. 2024). The question of whether turbulence or
magnetic fields has a greater impact on the formation of clouds
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and stars remains unanswered. This study aims to address this
question by investigating the physical conditions of the ISM
within the inner 7 pc distance from the supermassive black
hole (SMBH) of the Milky Way, Sgr A*, through a detailed
study of thermal and nonthermal processes.

The circumnuclear region in the vicinity of the SMBH is a
fascinating area that deserves a specific study. Within this
region, the circumnuclear disk (CND) is the largest and closest
molecular gas structure to SgrA* that follows a quasi-
Keplerian rotation (H. B. Liu et al. 2012; S. Martin et al.
2012). The disk extends from an inner radius of approximately
1.5-2 pc and likely does not exceed 7 pc in extent (R. Genzel
et al. 1985; J. Jackson et al. 1993; M. H. Christopher et al.
2005). A strong magnetic field as well as supersonic motions
are characteristic properties of the CND (J. A. Guerra et al.
2023; M. Akshaya & T. Hoang 2024). The neutral gas in the
disk has densities of ~10° cm >, and the total hydrogen mass
is ~10* M. with a temperature of a few hundred kelvin
(R. Genzel et al. 1985; P. G. Mezger et al. 1996).

A minispiral structure exists in the inner ~2 pc of this
central region (Sgr A West), with Ay varying from 20 to
50 mag with a median value of 31.1 mag (N. Scoville et al.
2003). Due to tidal shear, star formation near the SMBH is
difficult to initiate. Nevertheless, within the central parsec, in
the vicinity of Sgr A*, a massive stellar cluster is observed
(R. Schodel et al. 2009; F. Yusef-Zadeh et al. 2015). Investi-
gating the physical conditions of the ISM helps us to unravel
mysteries in this central region.

In this study, we aim to answer some fundamental ques-
tions: What role do the thermal and nonthermal processes play
in shaping the ISM structures in the GC? How are different
ISM components interconnected; what is the impact of the
SMBH on these correlations; and up to which Galactocentric
radius are these correlations detectable? The first step to
answer our questions is separating the two components, syn-
chrotron and free—free, of the radio continuum (RC) emission.
The RC emission traces the nonthermal processes via its
synchrotron component, which is radiated by relativistic cos-
mic-ray electrons (CREs) spiraling around the magnetic fields
in the ISM. The power-law spectrum of this radiation is
described by a variable nonthermal spectral index «,
(8, o< v~ in an optically thin condition, and depends on the
energy power-law index of CREs. The free—free component of
the RC emission arises from a thermally ionized medium. In
the optically thin condition (7, < 1), the spectral energy dis-
tribution of the free—free emission follows a flat power-law
relation with a spectral index of approximately —O0.1
(S, oc v~ *"). In the frequency range of v < 10 GHz, the non-
thermal component dominates the RC emission from normal
star-forming galaxies (J. Condon 1992; F. Tabatabaei et al.
2017). By separating the thermal and nonthermal components
of the RC emission, we can gain a deeper understanding of the
ISM energy and pressure balance within galaxies
(M. Ghasemi-Nodehi et al. 2022; H. Hassani et al. 2022). This
separation allows us to investigate the magnetic field strength
in different regions and explore the relationship between the
magnetic field and the efficiency of star formation
(F. Tabatabaei et al. 2018).

A comprehensive analysis of the RC emission within the
GC reveals a combination of thermal and nonthermal emission
(e.g., C. Law et al. 2008). Various techniques, such as extra-
polating high-frequency emission and fitting spectral energy
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distributions with an assumed and fixed spectral index, are
used to separate the thermal and nonthermal components in
different regions of the GC (C. Law et al. 2008;
F. Yusef-Zadeh et al. 2012; F. Meng et al. 2019). However, the
nonthermal spectral index «,, can vary in different environ-
ments due to different energy loss mechanisms of CREs
(M. S. Longair 2010). Considering a constant «,, in resolved
studies can lead to an underestimation or an overestimation of
the thermal fraction. This study uses the thermal radio template
(TRT) method (F. Tabatabaei et al. 2007, 2013) in the cir-
cumnuclear region as one of the most accurate and reliable
methods. Unlike the classical methods, the TRT method takes
into account the variability of «,, leading to more accurate
results. Based on the TRT method, recombination line emis-
sion is used to trace the thermal emission. Subtracting the
thermal emission from the observed RC, the nonthermal RC
component is obtained.

The data used in this survey are introduced in Section 2.
Section 3 describes the separation of the thermal and non-
thermal intensities. In Section 4, the radio and IR correlations
are investigated in the circumnuclear region. It also details the
calculation of the magnetic field strength from the nonthermal
component, along with the calculation of the thermal ionized
gas density and the molecular gas column density. Section 5
discusses the radial distribution and relationships of the
obtained properties, the energy balance, and mass-to-magnetic
flux ratio in this central region. Finally, Section 6 presents the
conclusions.

2. Data

In this study, we used a combination of the radio and IR
observations of the circumnuclear region, which are outlined
in Table 1.

The RC map of our study area was observed with the South
African MeerKAT radio telescope using its L-band receiver
(frequency range of 856-1712 MHz; I. Heywood et al. 2022).
This total intensity map is a 16-pointing hexagonal mosaic
covering 6.5 deg” of the central region with an angular reso-
lution of 4" at the central frequency of 1.3 GHz. The calibra-
tion uncertainty of this instrument is 5% (K. Knowles
et al. 2022).

To trace the free—free emission, a millimeter recombination
line observed by the Atacama Large Millimeter/submillimeter
Array (ALMA) is used. This line is the H40« radio recom-
bination line (RRL) map from the ALMA CMZ Exploration
Survey (ACES) at a frequency of 99.0 GHz and an angular
resolution ~1.5. ACES is a Cycle 8 Band 3 Large program on
ALMA (2021.1.00172.L,209 PI: S. Longmore) and observed
the CMZ in the frequency range of 86—101 GHz. This survey
covers the CMZ spanning approximately —0.6 < [ < +0.9 and
—0.3 < b < +0.2 (S. Longmore et al. 2025, in preparation). In
this work, we used the data cube from the combination of
ALMA 12 m + 7 m + TP arrays and created the zero-moment
integrated map intensity in the radial velocity range of —150 to
+150 km s~ as M. Tsuboi et al. (2018) did for H42« (also
with ALMA data) to prevent contamination from other lines.
We adopt the ALMA calibration uncertainty of 5%.

The molecular gas of the GC is studied through '*CO
(J=1—0; S. Tokuyama et al. 2019) observations with the NRO
45 m telescope and the '’CO (/=3 — 2; D. I. Eden et al. 2020)
data taken with of the JCMT. The J =1 — 0 line data of '*CO
(est = 115.3 GHz) covers the region within —0.8 < /< 1.4 and



Table 1

Summary of Data Used in This Study
Data Frequency/wavelength Angular Resolution rms Noise Calibration Noise Telescope References
RC 1.3 GHz 4" x 4 475 x 107°[Jy beam '] 5% MeerKAT I. Heywood et al. (2022)
H40a 99.0 GHz 14 x 172 1.25 x 10~ '[Jy beam ' kms™ " 5% ALMA Hsieh et al. (2025, in preparation)
COJ=1—-0 115.3 GHz 15" x 15" 86.2 [Kkms™'] 6.4% Nobeyama Radio Observatory (NRO) S. Tokuyama et al. (2019)
COJ=3-2 345.8 GHz 15" x 15" 29.7 [K kms™'] 6% James Clerk Maxwell Telescope (JCMT)  D. J. Eden et al. (2020)
Mid-IR (MIR) 21.3 ym 18”3 x 183 142 x 107 [Wm 2sr ] 6% SPIRIT III S. D. Price et al. (2001)
Far-IR (FIR) 70 pm 6" x 6" 0.14 [Jy pixel '] 5% Herschel S. Molinari et al. (2010)
FIR 160 pim 12" x 12" 0.35 [Jy pixel '] 5% Herschel S. Molinari et al. (2010)
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|b| < 0.35. The obtained data has a 15 FWHM beam size and a
spectral resolution of 0.67 km s~ 1nte<?’rated over velocities
between Vigr =-220 and +220 km s~ . The CO J=3—2
transition at 345.8 GHz is part of the CO Heterodyne Inner Milky
Way Plane Survey 2 (CHIMPS2). These data were observed by
the Heterodyne Array Receiver Program on the JCMT covering
—3°< /< 5%and |b| < 0.5 with a spectral and angular resolution
of 1 km s™' and 15", respectively, over velocities of |V} sg| <
300 km s~ '. The cahbratlon uncertainties are 6% for the NRO
and 6.4% for the JCMT. For this study, the 2co J=1-0)
data were only used to investigate the molecular gas kinematics.
For cross correlating the molecular gas ermss10n with the data at
other wavelengths, we used the JCMT *CO (J=3 —2) data
because of its better Nyquist sampling. On the other hand, the
2CO (J=3—2) line may be much less affected by diffuse
foreground gas than the '>CO (J=1— 0) line and is therefore
also preferable.

The Midcourse Space Experiment (MSX) survey at 21.3 um
in the MIR is used in this study as the tracer of warm dust.
The IR telescope, known as SPIRIT III, is mounted at the
center of the spacecraft. The wavelength mentioned is asso-
ciated with Band E, with a calibration uncertainty of
approximately 6%. The angular resolution of this survey is
~18"3 and it covers the entire Galactic plane within |b| < 5°
(S. D. Price et al. 2001).

In this study, we used the 70 and 160 pum emission of the
Herschel IR Galactic plane survey. This survey covers the
Galactic plane at longitudes of |/| <60° and latitudes of
|b] < 1°, spanning five wave bands between 70 and 500 pm
(S. Molinari et al. 2010). The 70 and 160 pym emission at
resolutions of 6" and 12, respectively, are tracers of cold dust
at FIR wavelengths and are observed with the PACS photo-
metric camera. The calibration uncertainties of this survey are
about 5% at 70 and 160 pm (S. Molinari et al. 2016).

In Section 3, we obtain maps of the thermal and nonthermal
components at 4 angular resolution (~0.2 pc). Then, to
compare these maps with those tracing dust and gas in the
ISM, all data were convolved to the coarsest resolution of 183
(0.7 pc) of the MSX data and projected to the same geometry
and pixel size. Figure 1 shows different maps of the inner GC
at R <7 pc from radio to MIR at their original resolutions.

Uncertainties in the observed intensities (o) include both the
statistical (rms noise, o, of the observed maps) as well as the
systematic (flux calibration uncertainty of the instruments,
0ca) errors. The total uncertainty for each data point is cal-

culated using o = \/ (Ol X E)?* + afms, where F, represents
the flux density at frequency v. To determine the errors in the
obtained parameters in this study, the o uncertainties are
propagated through the calculations presented in the paper.
Uncertainties due to assumptions are discussed separately.

3. Mapping Thermal and Nonthermal Emission

In this section, we map the thermal and nonthermal com-
ponents of the RC emission at 1.3 GHz using a thermal radio
tracer. As the region of our study is highly extincted by dust,
optical tracers such as Ha recombination lines cannot be used.
Unlike Ha, RRLs do not suffer from extinction and therefore
provide a more robust tracer for the free—free emission in dusty
regions (N. Scoville et al. 2003).

The free—free continuum emission and the recombination
line radiations are both linearly proportional to the ionizing
UV photons if the ionized medium is optically thick to Lyman
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photons (R. H. Rubin 1968; D. E. Osterbrock 1989). As shown
by C. Dickinson et al. (2003), the ionized gas in the Galaxy is
optically thick to ionizing Lyman photons (i.e., Case B;
D. E. Osterbrock 1989) even for diffuse features at inter-
mediate and high Galactic latitudes (1 < 7y, < 30).

In the TRT method, to measure thermal emission under
local thermal equilibrium (LTE), we first need to calculate the
emission measure (EM) using the following relation
(K. Rohlfs & T. L. Wilson 2013):

LAY 5q6 102(5)_1'5(ﬂ)( VL )1, (1)

K km s~! K cm~%pc J\ GHz
where T;Av is the RRL integrated line intensity over the
velocity width of the line for each pixel (expressed in units of
K km s 1), v, represents the frequency of the RRL, and T,
denotes the electron temperature. We note that Equation (1) is
valid if T, =T,r;, i.e., that the medium is optically thin
(1. < 1) to the RRL emission.”!

On the other hand, the optical depth of the continuum

emission at the frequency (v.) can be obtained from the EM
using the following formula (L. Oster 1961):

~135 2.1
n=823 5102« (1) (ﬂ)( )7 o
K cm~° pc J\ GHz

The brightness temperature of the thermal RC emission,
denoted as T, is calculated using the radiative transfer
equation:

Th = T,(1 — e ™). 3)

In the Rayleigh—Jeans limit, we convert the brightness
temperature to flux density measured in Jy beam ' units in
order to obtain the thermal emission. Then, we subtract this
thermal emission from the total continuum emission at the
continuum frequency to determine the nonthermal flux
density (5 = SX¢ — S,"). In this study, we used the Meer-
KAT 1.3 GHz map for the total continuum emission.

It should be noted that, at low frequencies, the emission of
RRLs can be stimulated by nonthermal effects and generated by
masing at high atomic levels; therefore, they are not suitable as
pure thermal templates (M. Gordon & C. Walmsley 1990;
N. Scoville & L. Murchikova 2013). For example, F. Meng
et al. (2019) studied and compared RRLs at frequencies below
10 GHz in the SgrB2 region and found that these RRLs are
likely excited under non-LTE conditions. According to
N. Scoville & L. Murchikova (2013), the maser amplification is
negligible for millimeter RRLs at energy levels of n=20-50,
and the separation results derived from these lines are more
reliable than those of higher levels. This fact highlights the
importance of selecting an appropriate RRL as a thermal tracer
to avoid overestimating the thermal emission.

We use the H40a recombination line (v, = 99 GHz) as our
thermal tracer in Equation (1) to measure the EM. As shown
by previous studies, the adopted 7, values range between 5000
and 7000 K in this region (D. Roberts & W. Goss 1993;
J. P. Simpson et al. 1997; C. C. Lang et al. 2001; N. Scoville
et al. 2003; P.-Y. Hsieh et al. 2018). Hence, we use the average
value of T,=6000K. The resulting maps of the thermal
and nonthermal emission are shown in Figure 2, exhibiting

2 we approximately checked the optical depth for H40« in the region of this
study to confirm that 7, < 1.
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Radio Continuum (1.3 GHz)
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Figure 1. The circumnuclear region (R < 7 pc) mapped by different observations. Left, from top to bottom: MeerKAT RC emission at 1.3 GHz, ALMA H40a RRL
integrated intensity at 99.0 GHz, and Herschel FIR emission at 70 um. Right, from top to bottom: JCMT '*CO (J = 3 — 2) integrated intensity at 345.8 GHz, MSX
MIR emission at 21.3 pm, and Herschel FIR emission at 160 pm. Circles in the lower right corners indicate the resolutions or beam sizes (see Table 1). Stars indicate
the position of Sgr A*. The northern and southern parts of this region are indicated in the RC map. The names of the components within the minispiral structure are

labeled on the RRL map.

different distributions. At the same intensity levels, the non-
thermal emission has a larger extension. Part of this non-
thermal emission can emanate from the Sgr A East supernova
remnant (Y. Maeda et al. 2002), which is located very close (in
projection) to the CND. The shock waves from Sgr A East can
accelerate particles to relativistic speeds, producing synchro-
tron radiation. Another famous source of the nonthermal
radiation in this region is Sgr A*, which is a nonthermal
compact source. The central 4' beam, which contains Sgr A*,
has a nonthermal flux of 0.44 4 0.05 Jy, which contributes to
the total nonthermal emission in our studied region by 0.8%.
Although it is unresolved at the resolutions of this study (4
and 18"), its feedback can influence its surroundings (see
Section 5.1).

On the other hand, the thermal fraction (f" = S"/SX)
at 1.3 GHz 1is highest at the minispfral structure

( fl‘g Gz = 40%—-60%, Figure 2, bottom). The mean thermal
fraction is 13.1% =+ 0.2% over the entire region of this study.
The error for the mean of flﬂg GH, 18 the standard deviation
divided by the square root of the sample size. We note that a
change in T, between 5000 and 7000 K results in an uncer-
tainty of less than 20% in fllg GH,- Previous studies reported the
thermal fractions by assuming a constant nonthermal spectral
index in a more extended area of the GC and at different
frequencies than in this work. For example, C. Law et al.
(2008) reported a thermal fraction of about 19% at 5 GHz and
28% at 8 GHz for individual sources within 4° x 10° of
the GC.

Figure 3 shows the 4” ring mean intensities of the observed,
thermal, and nonthermal emission at 1.3 GHz against Galac-
tocentric radius from Sgr A*. This radial distance (R) is cal-
culated assuming an inclination of 72° (see Section 4.2) and a
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Figure 2. Maps of the thermal free—free emission (top), nonthermal syn-
chrotron emission (middle), and thermal fraction (bottom) at 1.3 GHz in the
circumnuclear region. The beam size of 4” x 4" is shown in the lower right
corner of the first map. Contours in all maps show the thermal intensity at
levels of 0.05 and 0.1 Jy beam ™. Stars indicate the position of Sgr A*.

distance of 8200 pc to the GC (H. W. Leung et al. 2023). The
nonthermal synchrotron emission is brighter than the thermal
emission everywhere, especially at the position of Sgr A*
where fi, < 5%. In the CND (1.5 < R <7 pc), the mean ther-
mal fraction is 11.8% % 0.2%. Starting from r~ 0.5 pc, the
nonthermal emission shows a sudden increase toward the
center, indicating the influence of SgrA* feeding its sur-
roundings by injecting CREs (see also Section 5.1).

4. Analysis

In this section, we first investigate any correlation between
the IR bands and different components of the RC emission.
Then, we derive the equipartition magnetic field strength using
the nonthermal synchrotron emission. The resulting thermal
map offers insights into the volume density of thermally
ionized gas. Additionally, we estimate the molecular gas col-
umn density using the JCMT CO observations.
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Figure 3. Radial profiles of the RC emission (mean intensities in rings of 4"
width versus radial distance to Sgr A*) and its thermal and nonthermal com-
ponents at 1.3 GHz. Also shown is the radial profile of the thermal fraction
(magenta). Error bars represent the standard deviation divided by the square
root of the sample size per ring.

4.1. Radio—IR Correlation

The tight correlation between nonthermal radio and thermal
IR emission, first inferred by a linear relation between inte-
grated luminosities of galaxies, is linked to massive star for-
mation (e.g., T. de Jong et al. 1985; G. Helou et al. 1985;
G. Gavazzi & A. Boselli 1999). The radio-IR correlation was
later found on <kiloparsec scales inside galaxies as well (e.g.,
A. Hughes et al. 2006; E. J. Murphy et al. 2006; G. Dumas
et al. 2011) indicating an interplay between massive star for-
mation and the magnetized, relativistic ISM (F. S. Tabatabaei
et al. 2012, 2013b; F. Tabatabaei et al. 2013). These resolved
studies showed that an almost linear correlation”> can hold
even in weakly star-forming regions, indicating that a balance
between CREs, magnetic fields, and gas pressures is a pre-
requisite for this linearity, regardless of the level of star for-
mation (F. S. Tabatabaei et al. 2013b). As such, studying this
correlation on resolved scales provides, in general, a useful
tool for inferring the propagation length of CREs and the
mixing and coupling of magnetic field and gas
(F. S. Tabatabaei et al. 2013a; M. Nasirzadeh et al. 2024).
Hence, we investigate any equipartition condition in this
region by studying the nonthermal radio-IR correlation (see
Section 4.2). Comparing the RC 1.4 GHz with the IR 60 pm
integrated fluxes, R. M. Crocker et al. (2011b) found that the
RC was relatively weak compared to that expected from the
global radio-IR correlation in the inner 200 pc of the Milky
Way, linking it to winds and outflows. In Figure 4, we
investigate this correlation locally (pixel by pixel) between the
different RC components at 1.3 GHz and the IR bands from
21 pum to 160 pm as tracers of warm and cold phases of the
ISM, respectively.

The Pearson correlation coefficient between two images
S1(x, y) and S>(x, y) of identical pixels i is given by

oSt — (S (S — (S2))

= , (4)
T o(Sii — (ST (S — (82))?

Tp

with Sj; and S,; representing the intensity of the ith pixel in
images 1 and 2, respectively. The mean of the pixel intensity

values in each image is denoted as (S;) = %Zf‘zo Si; and

22 A correlation between two quantities with a linear dependency.
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distribution.

(S2) = 1221:0 Sai, with n the total number of pixels. For a perfect

n
correlation (anticorrelation), r, =1 (1, =—1). If the two images

are completely uncorrelated, then 7, = 0. The statistical error in
1, depends on the strength of the correlation and the number of

pixels n, Ar,=,/1 — r,% /(¥n — 2). The resulting Pearson

correlations coefficients (r,) are listed in Table 2. For these
correlations, the central beam, which contains Sgr A*, is sub-
tracted to prevent any possible contamination from this source.

In general, as evidenced by the obtained correlation coeffi-
cients (7, listed in Table 2), the nonthermal synchrotron
emission is well correlated with different IR bands tracing
different ISM phases. Fitting the linear curves Y =c+mX in
log—log planes, we obtain the relationships between the radio
emission versus the IR emission (S, and §; in Table 2). A
linear correlation, i.e., a correlation with a fitted power-law
slope of one, shows a similar distribution and a one-to-one
variation of the two emissions in the medium. As mentioned
above, finding an almost linear correlation can strengthen the
possibility of using the equipartition assumption, which is
needed to estimate the magnetic field strength in Section 4.2.
The OLS fits to the data show that the nonthermal synchrotron
emission correlates with the 160 pym emission almost line-
arly” but sublinearly (m < 1) with the 21 and 70 ym emission
(Table 2). This indicates that the fine balance between the

2 The small superlinearity is linked to a more extended distribution of the
synchrotron emission compared to that of the IR emission due to diffusion of
CREs (F. Tabatabaei et al. 2022).

Table 2
Radio-IR Correlations and Best-fitted Relations in Logarithmic Scale in the
Circumnuclear Region

SQ Sl m a rpb
S™ Gy S160 ym 1.20 + 0.09 0.68 + 0.03
590 1um 0.57 + 0.04 0.69 + 0.03
1 m 025 + 0.02 0.64 + 0.04
South
S160 1.35 + 0.08 0.79 + 0.03
570 m 0.85 + 0.04 0.86 + 0.02
21 um 037 + 0.02 0.80 + 0.03
North
S160 ym 0.69 + 0.03 0.85 + 0.03
590 1um 0.28 + 0.02 0.86 + 0.03
21 um 0.10 + 0.01 0.54 + 0.08
S Gr 5160 um 170 + 0.14 0.51 + 0.04
590 1um 1.07 + 0.06 0.70 + 0.03
St m 0.57 + 0.02 0.77 + 0.02
Notes.

# Slope of the fitted relations log(Sy) = ¢ + m log(S;) with S, and S, the IR
and radio flux densities, respectively.
Pearson correlation coefficient.

CREs, magnetic field, and gas is better achieved in the colder
phase of the ISM traced by the 160 pum emission than in the
warmer phase by the 21 and 70 pgm emission. R. M. Crocker
et al. (2011a) also found a similar result by studying the
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correlation between the 1.4 GHz and 60 pm emission. This can
be understood because winds and outflows suggested by
R. M. Crocker et al. (2011a) involve ionized gas and warm
dust, while the hydrostatic pressure balance between cosmic
rays and magnetic fields can be kept in other parts of the ISM,
which are cooler than the outflow regions.

As shown in Figure 4, in addition to the general correlations,
two distinct trends (blue and orange data points) are visible in
the nonthermal-IR correlation plots, which correspond to the
northern and southern parts of this central region. These two
regions appear as bright structures in both the CO and FIR maps
(Figure 1) and also exhibit strong nonthermal emission
(Figure 2). Fitting the nonthermal-IR correlation separately, we
find that the northern part follows a flatter relation than the
southern part (Table 2), meaning that the lack of RC compared
to IR is more severe in the north. This can be due to winds and
outflows removing cosmic rays from the IR-emitting clouds and
matches with the previous finding of the presence of outflows in
this northern CND region by J.-H. Zhao et al. (2016).

The correlation between the thermal free—free emission and
the IR emission is more or less as expected: a tighter correlation
with warmer than with colder dust (see r, values listed in
Table 2). A linear thermal radio-IR correlation is generally
expected if both emissions are tracing the SFR (e.g.,
E. J. Murphy et al. 2011). In the region of our study, such a
linear relation is found with the 70 ym emission, indicating that
both emissions have a common origin in the ISM, i.e., star-
forming regions (see more discussion in Section 5.1). However,
there is an excess of the 21 pm emission with respect to the
free—free emission (m =0.57 +=0.02). Contamination from
Sgr A* and/or the atmosphere of old carbon stars can be a
possible reason for the excess of MIR radiation in this region.
The fitted power-law slope of the thermal radio versus 160 um
relation is steeper (m = 1.70 & 0.14), indicating an excess of
diffuse ionized gas with respect to the cold dust in this region.
This is evident from a population of points with a vertical dis-
tribution in Figure 4 (bottom left), which belong to the ionized
spiral structure except for the bright part of the western arc
(Figure 1).>* We note that, unlike the nonthermal-IR correla-
tion, the thermal-IR correlation does not show distinct trends
in the northern and southern parts of this region (Figure 4).

4.2. Equipartition Magnetic Field

The nonthermal RC emission is related to synchrotron
radiation and can be used to trace both the magnetic field
strength B and the CRE density ncg (I, o< nerv® B! ~on;
A. Pacholczyk 1970). There are various methods to estimate
magnetic field strengths within galaxies. A common method to
estimate the magnetic field strength is using the synchrotron
emission and assuming that the energy density of cosmic rays
equals that of the magnetic field (B—cosmic-ray equipartition),
which is also considered in GC studies (e.g., M. Tsuboi et al.
1986; T. LaRosa et al. 2004; R. M. Crocker et al. 2011a;
F. Yusef-Zadeh et al. 2022).

On the other hand, this condition can be violated if CREs are
cooled mainly by a mechanism different from the synchrotron
cooling, such as bremsstrahlung energy loss in star-bursting
regions with Ygpg > 100 M, yr ' kpc 2 (T. M. Yoast-Hull
et al. 2016) or due to the propagation of CREs on small scales

24 The ionized gas from the spiral structure except the bright western arc
shows a correlation with the warmer dust emitting at 70 pm.
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(A. Seta & R. Beck 2019). However, the propagation length
scale of these particles depends on the uniformity of the
magnetic field in both streaming (R. M. Kulsrud 2005; T. EnBlin
et al. 2011) and diffusion models (V. S. Ptuskin et al. 1993;
D. Breitschwerdt et al. 2002; A. Shalchi et al. 2009;
V. A. Dogiel & D. Breitschwerdt 2012), which has been shown
to vary galaxy by galaxy (F. S. Tabatabaei et al. 2013b;
M. Nasirzadeh et al. 2024). As the magnetic field structure also
changes locally, the scale of the B—cosmic-ray equipartition is
also expected to change accordingly (i.e., in the disk and at the
center). The nonthermal correlation with the IR bands observed
(Section 4.1) strengthens the possibility of the B—cosmic-ray
equipartition, in particular, in colder phases of the ISM away
from winds and outflows.

By assuming the equipartition condition between the energy
densities of the magnetic fields and cosmic rays (ecr=
€g = Bezq /8m), the total magnetic field strength can be calcu-
lated from the nonthermal (synchrotron) intensity, /,,, by sub-
stituting n, in the cosmic-ray energy density with the
synchrotron intensity (R. Beck & M. Krause 2005). Based on
R. Beck & M. Krause (2005), the strength of the equipartition
magnetic field in Gauss is given by

1
471—(2@11 + 1)(K + 1)1”E;720n(2';l) n \an+3
B., = ’ S
eq Qa,, — 1) Cr(a,)LC4 (D) 4)

where E, represents the rest energy of the proton
(E,=15x 1073 erg), a,, and v are the nonthermal spectral
index and frequency, respectively, i is the inclination, and Cl1,
C2, and C4 are combinations of physical constants (see
Appendix). In this equation, K represents the ratio between the
number densities of cosmic-ray protons and electrons, and L is
the path length through the synchrotron-emitting medium.
The nonthermal map obtained in Section 3 is used for this
purpose. In the absence of information on the magnetic field
inclination, we adopt the inclination of the CND in Equation (5).
The inclination of this region is reported to range from 65° to
80° (S. Martin et al. 2012; P.-Y. Hsieh et al. 2017,
J. R. Goicoechea et al. 2018). We used 72° as the median value
in our calculations. The uncertainty in Bq resulting from the
inclination angle is roughly 20%. In this study, we adopted a
nonthermal spectral index of 0.7, as reported by W. Reich et al.
(1988) and K. Sato et al. (2024). In general, this parameter can
change between 0.7 and 1 in the vicinity of the SMBH (K. Sato
et al. 2024), which represents about a 15% uncertainty in Bq. In
Equation (5), the frequency and K ratio are assumed to be
1.3 GHz and 100, respectively. R. Beck & M. Krause (2005)
mentioned that, for the K ratio, all current models of cosmic-ray
origin predict proton dominance. However, this ratio varies
significantly in different regions and depending on the cosmic-
ray origin. For injection at 1 TeV, R. M. Crocker et al. (2011a)
find acceptable fits to the data in the GC by assuming K = 100.
To determine the L parameter in Equation (5), the width of this
central disk ranges from 8 to 14 pc (E. Sutton et al. 1990; T. Oka
et al. 2011; M. Blank et al. 2016). The median value of 11 pc25

2 This size is relevant to the overall dimensions of the circumnuclear region;
however, it may not be suitable for discrete features like pulsar wind nebulae
(Q. D. Wang et al. 2006) within this area, which will be addressed in a separate
paper at a higher resolution in the future.
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Figure 5. Equipartition magnetic field strength mapped in the circumnuclear
region (R < 7 pc) with contours of the 160 pm emission tracing a relatively
cool ISM. Color bar represents the strength in units of ©G. The beam size of
18” x 18" is indicated in the lower right corner, and the star represents the
position of Sgr A*. Contour levels are 40, 46, and 52 Jy pixel ', respectively.

is adopted in our analysis. The resulting uncertainty in B.q due
to variations in L is estimated to be less than 10%.

Figure 5 shows that the equipartition magnetic field is strong
at the position of Sgr A* (Beq~502.6 £ 10.6 G at 18" reso-
lution). There are also two parallel patches of strong magnetic
field (Beq > 450 G) in the northern and southern parts of the
CND, which overall have a good correspondence with the
relatively cool gas distribution traced by the 160 ym emission.
We further compare the distribution of different ISM compo-
nents around Sgr A* in Section 5.1 in more detail. In the entire
region of this study, the median value of the equipartition
magnetic field is B.q =445.5 = 7.2 uG. The reported error for
the median value is derived by propagating the errors in the
nonthermal intensity, taking into account the calibration and
statistical uncertainties.

We studied the equipartition magnetic field within 7 pc from
the SMBH, while other works calculated magnetic field
strength in larger areas. Within a 50 pc distance from the
center, D. T. Chuss et al. (2003) reported a magnetic field
strength of less than 3 mG using dust polarized emission at
350 pum and assuming a balance between kinetic and magnetic
field energy densities. Also for a region of about 30 pc around
the center of the Galaxy, M. Akshaya & T. Hoang (2024)
reported that the mean strength of the B field projected on the
plane of the sky is ~2 mG. They employ the Davis—Chan-
drasekhar—Fermi (DCF) method and utilize thermal dust
polarization observations to evaluate the strength of the
magnetic field. Specifically in the CND, J. A. Guerra et al.
(2023) used the modified DCF method and 53 pum polarimetric
observations from SOFIA/HAWC+, estimating the plane-of-
sky component of the B field to be at least 1 mG. Therefore,
even after accounting for all uncertainties in our calculations,
the obtained equipartition magnetic field in this study is gen-
erally lower than the reported magnetic field strength found
by other methods (B.q < 1mG). Recently, F. Yusef-Zadeh
et al. (2022) calculated the equipartition magnetic field
strength in radio filaments of the CMZ to be on the order of
~100—400 pG. The combination of a low B and high cosmic-
ray pressure (T. Oka et al. 2005) suggests that equilibrium can
be maintained in the central region. Moving forward, our main
goal is to explore whether even this relatively weak magnetic
field could play a crucial role in structure formation within
the inner 7 pc of the SMBH. Compared to other studies,
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T. N. LaRosa et al. (2005) estimated a relatively low value of
the magnetic field (~10 ;G) using low-frequency RC data at
74 and 330 MHz for diffuse nonthermal sources across the
entire GC at a resolution of 125", which is likely due to
absorption effects of the synchrotron emission at low fre-
quencies. This is confirmed by the observed break in the radio
spectrum by R. M. Crocker et al. (2010) who reported a lower
limit of about 100 G over ~400 pc scales.

4.3. Thermal Ionized Gas Density

The submillimeter RRLs can be a reliable tracer of thermal
electrons in ionized regions. To determine the thermal
electron density in warm ionized gas, we used Equation (1),
which is applied to determine the EM. Given that EM =
f n?dl = (n?)L, the volume-averaged thermal electron
density ((n,)) along the line of sight under optically thin

conditions is
A T, 1.5
7 () < (8) (aw)
Kkms K GHz

576 x 102( )

0.5

(n.) [em™3] =

, 6
T (6)
pc

where f denotes the volume filling factor, which quantifies
fluctuations in n,, and is related to the mean electron density

by (n.) = \f (n2); its average value is approximately 0.2
(E. Berkhuijsen et al. 2006) in the warm ionized gas toward the
center of the Galaxy. As mentioned in Section 3, T;Av
represents the integrated line brightness temperature over the
velocity width Av, while T, denotes the electron temperature.
The H40a recombination line serves as the thermal tracer and
the frequency (v) is 99.0 GHz. In this equation, the path length
(L) of the ionized gas, similar to Section 4.2, is 11 pc, and
T,=6000 K. The mean volume-averaged thermal electron
density in the inner 7 pc of the GC region is 61.3 & 1.4 cm >,
The reported error for the mean value is calculated as the
standard deviation divided by the square root of the sample
size. The histogram on the left in Figure 6 displays the
distribution of thermal electron density.

Although the propagated error from the integrated line
intensity is less than 10%, the main source of uncertainty in
Equation (6) arises from variations in the electron temperature,
diameter, and volume filling factor. The thermal electron
density would not be changed by more than 15% due to var-
iations in both 7, and L. The reported volume filling factor is
between 0.15 and 0.25 toward the center (K. Anantharamaiah
& D. Bhattacharya 1986; E. Berkhuijsen et al. 2006), which
leads to an uncertainty of less than 13% in (n,).

4.4. Molecular Gas Column Density

The molecular gas column density Ny, is obtained using the
following equation:

Ny, [em™2] = Xco [em™2(K km s™)™!] x Ico, 7

in which Io is the integrated intensity of the CO line and Xco
is the CO-to-H, conversion factor. We use the mean value of
Xeo = 048 £ 0.15 x 102 cm2(Kkm s~!)~! in the GC, as
reported by M. Kohno & Y. Sofue (2024). Due to a higher
excitation state, '2CO (J =3 — 2) traces a warmer and denser
environment compared to 2co (J=1—0; M. Akshaya &
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Figure 6. Histogram distributions of Ny, [em~?] and (n,) [em ™3], at a resolution of 18”, in the circumnuclear region within 7 pc from the SMBH.

T. Hoang 2024). Additionally, because of better sampling of
the CHIMPS2 survey, we used the J=3 — 2 transition to
measure the molecular gas column density. It is important to
note that the Xco conversion factor is defined for '*CO
(J=1—0), so the intensity of '>’CO (J=3 — 2) from the
CHIMPS2 survey needs to be converted to the J=1—0
rotational transition before the calculation. By taking the ratio
of >CO (J=3—2) to ">CO (J=1— 0) intensities in our
studied region, we obtained a mean value of 0.70 £ 0.01,
which is consistent with the conversion factor reported by
S. Tokuyama et al. (2019) for this transition in the GC,
(R3_2/1-0) =0.70 £ 0.06. We achieve an average molecular
gas column density of 1.09+0.01 x 102 cm™? in the
circumnuclear region. The error in the mean value of Ny,
represents the standard deviation divided by the square root of
the sample size. The uncertainty in Xco affects the mean value
of Ny, by 30%, whereas the variation in Ny, is less than 10%
due to the uncertainty in (R3_5/;_¢). The histogram on the
right in Figure 6 displays the distribution of the molecular gas
column density in the CND region. In this central region, the
column density of molecular hydrogen gas has been reported
to lie between N(H,) ~ 10*?—10** cm 2 (M. H. Christopher
et al. 2005; M. Requena-Torres et al. 2012), consistent with the
values we obtained.

5. Discussion

In this section, we study the distribution of the obtained ISM
components, compare the thermal and nonthermal energy
densities, and investigate the role of the magnetic field and
turbulence in controlling the ISM structures and star formation
in the circumnuclear region. In addition, we study how the
magnetic field affects molecular gas and its gravitational
collapse.

5.1. Distribution of the Interstellar Medium Components in the
Vicinity of SgrA*

The results obtained in Section 4 allow us to compare the
distributions of the ionized and neutral phases of the ISM with
those of the nonthermal ISM components, B fields, CREs, and

10

turbulent gas velocity in the inner 7 pc of the Milky Way.
Figure 7 shows the 0.7 pc (18”) ring mean radial profiles of
equipartition magnetic field (B.q), molecular gas column
density (MNy,), volume-averaged thermal electron density
({n.)), and molecular and ionized gas velocity dispersions (o).

The inner edge of the CND is at ~1.5-2 pc as reported by
previous studies and using various line emissions (J. Jackson
et al. 1993; M. H. Christopher et al. 2005). The gray shadow
regions in radial profiles indicate this approximate boundary.
The magnetic field increases toward the center while the
molecular gas column density peaks at R~ 2 pc and then
decreases toward the center. Moving forward, we divide our
analysis based on the molecular gas’s peak because neutral
molecular gas is a characteristic property of the ISM. Figure 7
also indicates that the expected positive relationship between
the magnetic field and molecular column density does not hold
at a Galactocentric radius smaller than ~2 pc from the
black hole.

The void of molecular gas column density within the inner
radius of the CND, called the “ionized cavity” (A. Bryant &
A. Krabbe 2021), could be sustained by outflows generated by
massive stars in the nuclear cluster (e.g., R. Genzel et al.
1994). More reasons based on feedback from the SMBH have
been suggested by other studies. M. Blank et al. (2016) used
simulations to indicate that suppressive forces like magnetic
fields near the SMBH play a more significant role in main-
taining this cavity than outflows from massive stars of the
nuclear cluster in this region. Moreover, this ionization of
the ISM has been suggested by the association between the
molecular filaments and the ionized minispiral as the gas
approaches Sgr A* (S. Martin et al. 2012). This cavity can also
be caused by the SMBH’s older active galactic nucleus (AGN)
phase (C. Feruglio et al. 2010) by removing the cold gas and/
or ionizing it. Most galaxies have experienced an AGN phase,
and AGN activities can play important roles in the formation
and evolution of their host galaxies (H. Mo et al. 2010). The
Milky Way could have experienced this evolutionary phase a
few million years ago. The presence of the Fermi bubbles both
above and below the GC provides evidence of past AGN
activity in the Galaxy (H.-Y. K. Yang et al. 2018).

As illustrated in Figure 7, the density of thermal ionized gas
increases within 5 pc of the SMBH. Further, the radial
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Figure 7. Radial distribution of the physical properties of the ISM in the circumnuclear region (R < 7 pc): (a) equipartition magnetic field strength (B.,), (b) H,
column density (Ny,), (¢) thermal electron density ((n.)), and (d) velocity dispersion of the ionized and molecular gas. Also shown are radial profiles of the (e) 21 pm
(821 um) and (f) 70 pm flux densities (S7o ,,m). Points show mean values in rings of 18” width, and error bars show the standard deviation divided by the square root
of the sample size in a ring. The gray shaded bars indicate the location of the inner radius of the CND based on different studies in the literature.

distribution of velocity dispersion of '*CO (J = 1 — 0), which
is discussed in the next subsection in more detail, shows a
roughly constant trend with two peaks around 3 and 6 pc from
the SMBH. The nearly uniform velocity dispersion indicates
that the turbulent velocity remains almost constant within
R<7 pc of SgrA*. In addition to the molecular gas, we
indicate the velocity dispersion of ionized gas from H40a RRL
in this region. Compared to the molecular gas, the ionized gas
shows a greater and progressively decreasing velocity disper-
sion toward the center.

In addition to the magnetic field, molecular gas, thermal
ionized gas, and velocity dispersion, we examine the ring
mean radial distribution of the 21 and 70 pym emission to
investigate the distribution of warm and cold dust in this
region in comparison to molecular gas. Figure 7 shows that the
70 pm emission drops within 2 pc of the SMBH, whereas
the 21 pm emission does not exhibit such a deficiency in the
innermost region of this central area.

We further investigate the correlation between the equi-
partition magnetic field with molecular gas column density and
the 21 and 70 pgm emission in the circumnuclear region
(Figure 8). The left panels in Figure 8 show the region within
the radial distance of 2 pc of Sgr A* (R <2 pc), and the right
panels correspond to R >2 pc in the CND. No significantly
positive correlations are detected between B.q and molecular
gas and warm dust in the R < 2 pc region. The correlations are
even negative (anticorrelation) with Ny, and 70 pm emission,
which is a result of their inverse radial trends in this region
(Figure 7); while the molecular gas and the 70 pym emission
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decrease toward SgrA*, the equipartition magnetic field
increases. This is likely due to feedback from the SMBH that
ionizes gas, heats dust, and amplifies magnetic fields (and/or
increases the number density of CREs). On the other hand, the
absence of a positive correlation is not in favor of an equi-
partition between the magnetic field and CREs at R < 2 pc and
hence B, does not represent the true magnetic field strength
there. This observation unveils the abnormal characteristic of
the magnetized ISM in the vicinity of the Milky Way’s SMBH.

As shown in Figure 8, right panels, positive correlations
hold, particularly, between B, and Ny, indicating that, at the
resolution of 0.7 pc, the equipartition magnetic field is asso-
ciated with cold molecular gas in the main area of the CND at
R>?2 pc as suggested by the radio—FIR correlation
(Section 4.1). A detailed discussion of very dense and cold
molecular structures at higher resolutions, however, lies
beyond the scope and available data of this paper. As shown in
Table 3, the slopes obtained from the OLS and bisector fits of
Beq versus Ny, are 0.52 +0.05 and 0.71 4 0.05, respectively,
suggesting that the magnetic field may play a significant role in
regulating star formation within the CND (R. M. Crutcher
et al. 1996).

Studies in nearby galaxies show that the equipartition
magnetic field strength from synchrotron emission data is
correlated with the SFR surface density Xgpg following the
power-law relation B oc X4pz with b < 0.3 (K. T. Chyzy 2008;
F. Tabatabaei et al. 2013, 2022; V. Heesen et al. 2014,
H. Hassani et al. 2022). Theoretically, an exponent of
b =0.34 £ 0.08 is expected if a supernova-induced small-scale
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Figure 8. Relationships between the logarithm of the equipartition magnetic field and Ny, (top), 70 m (middle), and 21 pzm (bottom) flux densities in the R < 2 pc
(left) and R > 2 pc (right) regions. Dashed black lines are OLS fits, while solid lines represent bisector fits. Dashed pink and purple lines show OLS fitted curves to
the CND (north) and CND (south), respectively (see Table 3).
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Table 3
Logarithmic Correlations and Best Fits of By with Ny, S70 um» and Sz; ,m for
R > 2 Parsecs

Correlations mors” My’ )
Beq—Nu, 0.514 + 0.050 0.713 £ 0.045 0.56 + 0.04
Beq—S70 yim 0.135 £ 0.014 0.266 + 0.013 0.56 £+ 0.05
Beq—S21 ym 0.066 + 0.007 0.150 + 0.009 0.52 £+ 0.05
CND South
Beq—Ny, 0.603 + 0.052 0.739 + 0.054 0.74 £+ 0.05
Beq—S570 yum 0.230 + 0.011 0.256 + 0.013 0.88 + 0.02
Beg—S21 yim 0.116 + 0.009 0.151 £ 0.011 0.83 + 0.03
CND North
Beq—Ny, 0.318 + 0.046 0.358 + 0.046 0.66 + 0.07
Beq—570 ym 0.071 + 0.004 0.071 + 0.004 0.89 + 0.02
Beq—S21 ym 0.025 + 0.005 0.047 £ 0.005 0.54 + 0.08
Notes.

4 Power-law slope of the relations using OLS fitting.

b . . . .
Power-law slope of the relations suing bisector regression.

¢ Pearson correlation coefficient.

turbulent dynamo in star-forming regions amplifies the
magnetic field (O. Gressel et al. 2008; D. R. Schleicher &
R. Beck 2013). In general, A. Barnes et al. (2017) used 24 and
70 pm emission to estimate the SFR in the CMZ via SFR
calibration relations (D. Calzetti et al. 2010; R. C. Kennicutt &
N. J. Evans 2012). These calibration relations rely on a large,
complete stellar population spanning various evolutionary
stages and are not applicable to smaller structures
(R. C. Kennicutt 1998; E. J. Murphy et al. 2011). For this
reason, for the linear scales relevant for this study, we cannot
use these relations to estimate the SFR surface density.
Therefore, we focus on the relationship between B4 and the 70
and 21 pm emission to determine which of these star forma-
tion tracers exhibit a slope close to 0.3 in the CND. As pre-
sented in Table 3, the equipartition magnetic field shows a flat
relationship with the 21 pym emission with slopes of 0.07
(OLS) and 0.15 (bisector regression). In contrast, the slopes for
the 70 pm emission, at 0.14 (OLS) and 0.27 (bisector
regression), are closer to the theoretically expected value. As
discussed in Section 4.1, the 21 pm emission can be linked to
sources different from dust in the ISM and young massive
stars. In particular, in the vicinity of the SMBH, besides the
presence of young massive stars (F. Yusef-Zadeh et al.
2013, 2015), there are strong ionizing shocks that can heat the
dust reradiating in the MIR. Thus, it is unlikely that the
21.3 pm emission in the CND is solely caused by current star
formation activity. Similar to the radio—IR correlations dis-
cussed in Section 4.1, the correlations at R >2 pc follow
different trends in the north and south of the CND (shown by
pink and purple dashed lines in Figure 8). As discussed in
Section 4.1, the flatter slopes of the relationships in the north
(Table 3) can be linked to the winds and outflows in this region
(J.-H. Zhao et al. 2016).

5.2. Interstellar Medium Energy Balance at the Center

Investigating the energy balance of the ISM in the inner 7 pc
of the SMBH is essential for a deep understanding of its
physical conditions. The kinetic energy density of turbulent
gas motions, the thermal energy of different gas phases, and
the nonthermal energy densities from the magnetic field and
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Figure 9. Radial distribution of the ISM energy densities and their variation
with Galactocentric radius in the circumnuclear region. The gray shaded bar
indicates the location of the inner radius of the CND based on different studies
in the literature. The dashed line represents the obtained boundary by '*CO
(J =3 —2) in Figure 7.

cosmic rays (F. Tabatabaei et al. 2018) shape the total energy
content of the ISM. The obtained physical characteristics of
the ISM allow us to compare the thermal and nonthermal
energy densities in the circumnuclear region (see Figure 9).
Estimating each energy density is described in the following.

The kinetic energy density of turbulence is given by
E, = %paf, where p is calculated for the 11 pc scale structures

. by
from the molecular mass surface density (p = “?C M. pc?)
obtained using the CO-to-H, conversion factor

(0o = 1.1 My pc>(Kkm s™1)~!) and the intensity of CO
emission (Xy, = qeoleo M pc™? ). The value of a, for the
center of the Milky Way is obtained by dividing X, (see
Section 4.4) by a factor of 4.5x 10" cm 2(M, pc2)!
(Y.-H. Teng et al. 2022). The turbulent velocity (o,) is
determined by o, = 6V, /~81In2, where Vi, represents the
velocity dispersion of the CO line width. To determine the
kinetic energy, we employed the zero- and second-moment
maps of “CO (J=1—0) of the NRO 45 m telescope
(S. Tokuyama et al. 2019) for calculating >y, and 6Vi,,. This
energy density is also obtained for the ionized gas using the
zero- and second-moment maps of the H40a RRL data to
estimate its density (see Section 4.3) and velocity dispersion,
respectively. Compared to the molecular gas, the ionized gas
has a much lower gas density and a comparable velocity dis-
persion (see Figure 7). As a result, the ionized gas contributes
insignificantly to the kinetic energy density of the ISM. For
this reason, the kinetic energy density of the ionized gas is not
considered. We also note that the contribution of the thermal
line broadening is negligible in the velocity dispersions con-
sidered (02 = O’im + (%)2) for both molecular gas
(T= 63K; T. Oka et al. 2011) and ionized gas (T = 6000 K;
N. Scoville et al. 2003) and o, is almost equivalent to that of
the nonthermal broadening (o, > 0, ). Due to the absence of
high-resolution HT data for the region of study (at lower than
1 pc resolution), we could not calculate the kinetic energy
density for the neutral atomic gas. However, the gas in the GC
exhibits a much higher surface density and is predominantly
molecular (M. Morris & E. Serabyn 1996; J. D. Kruijssen
et al. 2014). Additionally, according to Y. Sofue (2022), the
atomic gas mass in the GC is only 10% of the GC’s molecular
mass. This suggests that neglecting the contribution of atomic
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gas could lead to an uncertainty in our results of at least 10%.
However, we do not have access to the velocity dispersion of
atomic gas in the central region at high resolution. We should
add that this uncertainty would be higher within the ionized
cavity.

The thermal energy density of the ionized gas can be cal-
culated for both hot (7 ~ 10° K) and warm (7 ~ 10* K) gas. To
determine the thermal energy density for the warm ionized gas,
we Eg=2.1 x nKT (K. M. Ferriere 2001) and the volume-
averaged thermal electron density of the warm ionized gas
({n.)), assuming T, = 6000 K (N. Scoville et al. 2003) as it is
also assumed in Section 4.3. Two simplifying assumptions for
calculating the thermal ionized gas are considered. First, we
assume equilibrium between the energy densities of electrons
and ions due to thermal equilibrium (B. T. Draine 2010), and
consider the same thermal energy density for ions and elec-
trons in our calculations. Second, the energy density of hot gas
in the ISM of the Milky Way is comparable to or slightly
greater than that of the warm gas, depending on its volume
filling factor (K. M. Ferriere 2001; R. Beck 2016). In addition,
the thermal energy density of both the molecular and atomic
gas should be considered to evaluate the neutral gas using
Ey=1.1 x nKT (K. M. Ferriere 2001). We determined the
thermal energy density of the molecular gas by using the
molecular gas density (p) derived from the 2co J=1—-0)
map and a temperature of 63 K for the molecular medium in
this central region (T. Oka et al. 2011). For the atomic neutral
gas, the thermal energy density of both the warm (7"~ 5000 K)
and cold (T ~ 100 K) phases (B. T. Draine 2010) is considered
to be in thermal energy equilibrium (K. M. Ferriere 2001). As
mentioned, due to the lack of a high-resolution H1 map of the
central region to calculate the warm neutral gas density, we
indirectly estimated the average column density of atomic gas
using the dust extinction (Ay~to-Ny ratio) as dust is well mixed
with the gas (R. C. Bohlin et al. 1978; B. L. Rachford et al.
2008). On average, the thermal energy density of the atomic
gas (=10~ erg cm ™) is 1 order of magnitude smaller than
that of the ionized gas derived in this section (10~'% erg cm )
and, therefore, it is neglected in this study.

The nonthermal energy density of the magnetic field and

CREs is given by E, = 2E, = %i. The factor of 2 is needed
because of the equipartition assumption. We use the equi-
partition magnetic field strength from Section 4.2 to calculate
the lower limit to the nonthermal energy density. This
assumption can be the source of uncertainty in the nonthermal
energy density calculation. However, the correlation between
synchrotron and FIR emission shown in Figure 4 suggests that
this assumption can be generally valid in our study. We should
note that this calculation is less certain for R <2 pc.

In this investigation, we computed the thermal, nonthermal
(magnetic field and cosmic rays), and kinetic (turbulent)
energy densities in the circumnuclear region. As shown in
Figure 9, the nonthermal and turbulent energy densities dom-
inate significantly over the thermal energy density at all radial
distances from Sgr A* (R <7 pc), indicating their important
role in structure formation in this central region. Based on our
calculations, the mean values of the thermal, nonthermal, and
kinetic energy densities in the circumnuclear region are
57407 %10 erg cm*3, 1.64+0.1 x 1078 erg cm*3, and
6.14+03x10"® erg cm >, respectively. The thermal
energy density of the central region could be attributed to
ionizing effects such as star formation activity in the center or
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Table 4
The Mean Energy Densities as Well as 3, 0,, Vs, and Ma, in R < 2 and R > 2
Parsecs
Properties Units R <2pc R > 2pc
E/1071° [erg cm ] 8.5+ 04 51+0.1
En /1078 [erg cm 3] 1.9+ 0.1 1.5+ 0.1
E/1078 [erg cm 3] 6.1 +02 6.1 + 0.1
6/1072 92+ 0.5 6.6 + 0.1
oy [kms™ '] 27.9 £ 0.2 27.6 £ 0.1
Va [kms~'] 10.9 + 0.1 9.9 +0.1
Ma 44 +0.1 48 +0.1

radiation from Sgr A*. Generally, the ISM in this region is
characterized by a supersonic (E;/Ey, > 1) and low- plasma
(6= Ew/E, < 1). Similar conditions were also reported at the
center of NGC 1097 by F. Tabatabaei et al. (2018).

In addition to energy densities, we have assessed the
Alfvén velocity (Vy = B//4mp) and Alfvén Mach number

My = J3 0,/ Va) to investigate the motions within this region.
Our calculated Alfvén velocity is close to what is reported by
X. Lu et al. (2024) for some specific molecular clouds in Sgr A
(except for the CND), SgrC, and dust ridge regions. In the
circumnuclear region, we observed Alfvénic supersonic
motions, where the Alfvén velocity (V) exceeds the sound
speed, which can be calculated as cg = (kTg/2.33my)"/?,
where T represents the kinetic temperature and my represents
the mass of the hydrogen atom. By using the obtained kinetic
temperatures in the GC molecular clouds and the CND, which
fall between 25 and 200 K (S. Hiittemeister et al. 1993; T. Oka
et al. 2011), it is found that the Alfvén velocity is at least 1
order of magnitude greater than the sound speed. Additionally,
the high Mach number (M, > 1) obtained in this central region
aligns with previously reported high Mach numbers generally
in the GC (M. Morris & E. Serabyn 1996; A. Ginsburg et al.
2016; M. Akshaya & T. Hoang 2024). It is worth mentioning
that, since we adopted the equipartition magnetic field, the
resulting Mach number is likely overestimated. The mean
values of the calculated parameters in this subsection are
reported in Table 4 for radial distances R < 2 pc and R > 2 pc
from Sgr A*. These values suggest that all properties, except
for the thermal energy density—and consequently, S—remain
largely unchanged between the inner and outer 2 pc regions.
The mean value of Ey, in the inner ionized region is approxi-
mately twice as high as in the outer region.

In this subsection, our main conclusions remain unchanged
despite variations and uncertainties in the conversion factors,
length of the region, electron temperature, volume filling
factor, and other assumed parameters. Additionally, by con-
sidering the uncertainties in the magnetic field strength
described in Section 4.2, the nonthermal energy density
remains higher than the thermal energy density. The two
mentioned assumptions (equilibrium between the energy
densities of ions and electrons, as well as hot and warm gas) in
calculating the thermal energy density are typically applicable
to the ISMs of galaxies. More detailed studies of the ISM of
the circumnuclear region in the future will enable us to analyze
the thermal density of this region with better accuracy. For
instance, the energy density of the soft X-ray plasma, which is
the tracer of thermal hot ionized gas, is 3 x 10~ ' erg cm , as
calculated by M. P. Muno et al. (2004) , for the Sgr A region.
This value is close to the energy density of the thermal warm
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ionized gas we obtained for our studied region, which is
3.9 x 107" erg cm . Additionally, M. P. Muno et al. (2004)
reported that in the vicinity of Sgr A*, the energy density of the
hard X-ray plasma, which originates from nonthermal pro-
cesses, is higher than that of the soft X-ray plasma, which
serves as a tracer for hot thermal gas and confirms the result of
this subsection (Ey, < E,,). Another source of uncertainty that
should be mentioned is the impact of multivelocity compo-
nents along the line of sight, bulk motions (e.g., rotation and
infall), and outflows on '>CO that can overestimate the
obtained velocity dispersion derived from the second-moment
map. Nevertheless, our reported o, is comparable to or slightly
lower than that obtained from C'®0 observations with the
elimination of minor components by M.-Z. Yang et al. (2025).
In conclusion, the ISM in the vicinity of Sgr A* is affected by
nonthermal and turbulent pressures, which can control the star
formation process, even under the equipartition assumption
(also see Section 5.3).

5.3. Mass-to-magnetic Flux Ratio

In Sections 4.2 and 4.4, we obtained the equipartition magnetic
field strength (B.,) and the molecular gas column density
(N(Hp)). A classical approach to assess the impact of the
magnetic field on gravitational collapse and star formation is
investigating the ratio of the gas mass to the magnetic flux, M/®p
(P. Strittmatter 1966). The magnetic flux is the magnetic field
strength times the spatial area (®p= |B| x area) and the mass
contained within this area can be estimated based on the mea-
sured molecular column density, assuming a 10% helium content
(M =2.8N(Hy)my x area; R. M. Crutcher 1999). This parameter
is normalized to the critical value (1, = (27‘(\/6 )~1) for an iso-
thermal gaseous disk and derived by T. Nakano & T. Nakamura
(1978) with linear perturbation analysis. The mass-to-magnetic
flux ratio in units of the critical value (1) can be calculated with
the formula provided by R. M. Crutcher et al. (2004):

1N(H2).

tot

4=17.6x 102 ®

Here, B, represents the total magnetic field strength within the
molecular cloud, measured in units of ©G. The equipartition
magnetic field (Section 4.2) provides a lower limit for the
actual magnetic field strength in this equation.”® Focusing on a
purely molecular gas, N(H,) denotes the molecular column
density, measured in units of cm 2. The intrinsic value of p
(iiny) is determined by the ratio of N, /B, where N is the
column density perpendicular to a sheet or disk geometry of
matter in a flux tube, in the case of a magnetically supported
cloud. For the median value, N, = %N (H,) meaning that

ftime =341 (C. Heiles & R. Crutcher 2005).

The molecular clouds are characterized as critical if p, =1
and subcritical when p;,, < 1, in which case the presence of a
strong magnetic field prevents the gravitational collapse of the
clouds. On the other hand, if p;, > 1, the clouds are known as
supercritical and unstable to gravitational collapse, and hence
star formation can proceed to occur (R. M. Crutcher 1999;
C. Heiles & R. Crutcher 2005). Considering more realistic
situations, in which the magnetic flux is differently loaded with

26 Because CREs can decouple the magnetic field due to winds and propa-
gation effects.
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Figure 10. Map of the mass-to-magnetic flux ratio (x) in the circumnuclear
region with contours of the 20 (J =3 — 2) emission. The beam size of
18" x 18" is shown in the lower right corner, and the star represents the
position of Sgr A*. Contour levels are 1500, 1600, 1800, and 2000 K km s,
respectively.
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Figure 11. Radial distribution of the mass-to-magnetic flux ratio (u) in the
circumnuclear region. Points show mean values in rings of 18” and errors are
the standard deviation divided by the square root of the sample size in a ring.
The gray shaded bar indicates the location of the inner radius of the CND
based on different studies in the literature.

mass in a small cylindrical region, T. C. Mouschovias (1991)
obtained a larger critical value of pu, >~ 2.

Figure 10 shows the distribution and variation of y;,, over the
circumnuclear region. We find that y;, < 2 with a median value
of 0.92 + 0.02. Thus, even with a lower limit for the magnetic
field strength, the ISM obeys a subcritical condition. The
maximum value of p, is 1.32 +0.04 in the dense molecular
part, and the minimum is 0.70 4= 0.02 near Sgr A*. The reported
errors are solely the propagated errors in the observed inten-
sities. As discussed in Section 4.2, the uncertainties in the
assumed parameters for the magnetic field strength do not sig-
nificantly impact the result of this subsection. Their impact is
less than 20% on this parameter. On the other hand, the median
value of i, can change by 30% due to the uncertainty in the
Xco conversion factor. To summarize, the mostly subcritical
condition (p, S 1—2) remains intact taking into account the
uncertainties in calculating the equipartition magnetic field and
molecular gas column density. Using thermal dust polarization
at 53 pm, M. Akshaya & T. Hoang (2024) found a lower mass-
to-magnetic flux ratio than that obtained here because of their
stronger magnetic field estimate.

Figure 11 shows the radial profiles of (i, The mass-to-
magnetic flux ratio increases from subcritical values of
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Line < 0.8 near the center to i, > 0.95 at R=2.1 pc, where
the molecular gas density is highest (see Figure 7). At larger
radial distances, p;,, changes insignificantly between 0.9 and 1.
As discussed in Section 5.1, the equipartition assumption
underestimates effectively the magnetic field strength at
R < 2 pc. Hence, the true mass-to-magnetic flux ratio must be
much smaller than those estimated here in this region.

6. Conclusions

To study the energy balance, structure formation, and phy-
sical conditions in the ISM of the circumnuclear region (within
7 pc distance from SgrA*), we separate the thermal and
nonthermal RC components at 1.3 GHz using the H40ao RRL
as an extinction-free tracer of the free—free emission. The
resulting RC maps are then used to (1) investigate correlations
and mixing of different processes in the multiphase ISM, (2)
estimate the strength of the magnetic field and density of
thermal electrons, and (3) obtain energy densities and map the
mass-to-magnetic flux ratio in this region. Our main findings
are summarized as follows.

1. The nonthermal component dominates the RC emission
at 1.3 GHz everywhere in the GC. The mean value of the
thermal fraction is f}° %" = 13.1% + 0.2% at 4"
resolution. The thermal emission is mainly emerging
from the minispiral structure while the nonthermal
component extends into a larger structure.

2. The nonthermal synchrotron emission is generally cor-
related with the IR emission. The correlation is almost
linear with the 160 pm emission. The weakest synchro-
tron—-IR correlation holds with the 21 gm emission in the
north where strong winds of ionized gas exist. These
indicate a fine balance between magnetic fields, CREs,
and gas pressures in the colder phase of the ISM (par-
ticularly in the south), which is confirmed by the corre-
lation between the equipartition magnetic field B.q and
Ny, in the R > 2 pc region (Figure 8).

3. In the R < 2 pc region, B.q likely deviates from the actual
field strength as no positive B.q—Npy, correlation holds.
Here, we find inverse radial trends for B., and Ny,
toward the center (Figure 7), which is probably caused
by a feedback from Sgr A*. The smooth increase of the
ionized gas and the warm dust emission (21 pym emis-
sion) toward the center is in favor of heating and ioniz-
ation by feedback from Sgr A* (SMBH or a past AGN
phase).

4. Searching for a connection between the magnetic field
and SFR in the CND, we find that the slope of the
relationship between the magnetic field and the 70 um
emission shows better agreement with theoretical pre-
dictions than with the 21 pm emission. The Bq—70 pm
correlation follows the relation expected as if the
magnetic fields are amplified by small-scale turbulent
dynamos in star-forming regions. This also implies that
the 70 pm emission is primarily due to dust heated by
young massive stars, while the 21 pm emission is con-
taminated by radiation from different sources.

5. Computing the energy content of the ISM that encom-
passes the thermal, nonthermal, and kinetic energy den-
sities, we discover that the nonthermal (magnetic field
and cosmic rays) and kinetic energy densities dominate
the thermal energy density. The ISM of this central
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region is occupied by a low-3 plasma (Ey, < E;) and the
turbulent motions are supersonic (Ey, < E;). We show
that in addition to turbulence, cosmic rays and magnetic
fields insert significant nonthermal pressures in the cir-
cumnuclear region.

6. The intrinsic mass-to-magnetic flux ratio mapped in the
circumnuclear region shows that the ISM is subcritical
(Mint S ferie~ 1—2), indicating that the magnetic fields
can protect molecular clouds against gravitational
collapse.

In conclusion, our findings suggest that the ISM surrounding
the SgrA* exhibits complex conditions. Even under the
equipartition assumption, which underestimates the field
strength, magnetic fields play a crucial role in the formation of
clouds and stars in this region. Similar studies at higher
resolutions with upcoming SKAO observations will uncover
the mysteries of the presence of young massive stars in this
region.
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Appendix
Parameters in the Equipartition Magnetic Field Equation

In the revised equipartition magnetic field strength equation
presented by R. Beck & M. Krause (2005, Equation (5)), the
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complete expressions of C; and C, are as follows

G = 3e/(dmm3c%) = 6.26428 x 108 erg2 s~ G,
G(an) = 3 Co(an + D)/, + DTIGa, + 1/6] x T[Ba, + 5)/6.

where the I' is the numerical gamma function and «,, and i are
the nonthermal spectral index and inclination, respectively. In
the second equation above, C3 is

G = J3¢3/(2mm,C?) = 1.86558 x 107 P erg G~ 'sr\.

For the regular and constant inclination concerning the sky
plane, C4; = [cos(i)]**! and for the case of our studied region,
the inclination is considered to be 72° (T. Sawada et al. 2004;
K. Ferriere et al. 2007). Also, a, is assumed to be 0.7 for the
pure synchrotron cooling of CREs (P.-Y. Hsieh et al. 2017;
J. R. Goicoechea et al. 2018).
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