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ABSTRACT

Context. The Galactic Center black hole and t he nuclear st ar cluster are sur rounded by a clumpy r ing of gas and dust, t he circumnuclear
disk (CND), t hat rot ates about t hem at a st andof f dist ance of 1 5 pc. The mass and density of individual clumps in t he CND are
disputed.
Aims. We seek to use H 2 to character ize t he clump size distr ibution and to investigate t he mor phology and dynamics of t he inter face
between t he ionized inter ior layer of t he CND and t he molecular reser voir lying far t her out (cor responding to t he inner r im of t he CND,
illuminated in ultraviolet light by t he central st ar cluster).
Methods. We have obser ved two fields of approximately 20 20 in t he CND at near-infrared wavelengt hs wit h t he OSIRIS spectro-
imager at t he Keck Obser vator y. These two fields, located at t he approaching and receding nodes of t he CND, best display t his inter face.
Our dat a cover two H 2 lines as well as t he Br line (tracing H I I ). We have developed t he tool CubeFit, an or iginal met hod for extracting
maps of continuous physical parameters (such as t he velocity field and velocity dispersion) from integ ral-field spectroscopy dat a, using
regular ization to largely preser ve spatial resolution in regions of low signal-to-noise ratio.
Results. This or iginal met hod enables us to isolate compact, br ight features in t he interstellar medium of t he CND. Several clumps in
t he sout hwester n field assume t he appearance of filaments, many of which are parallel to one anot her. We conclude t hat t hese clumps
cannot be self-g ravit ating.

Key words. met hods: dat a analysis – met hods: numer ical – techniques: high angular resolution – techniques: spectroscopic –
ISM: individual objects: Sg r A West Circumnuclear Disk – Galaxy: center

1. Introduction

The circumnuclear disk (CND) is a well-defined r ing of gas and
dust orbiting t he Galactic Center black hole and t he nuclear clus-
ter of massive young st ars. It has an inner cavity of 1.5 pc
radius, apparently evacuated by some combination of energetic
outbursts caused by t he black hole accretion flow and by super-
novae from t he central cluster of massive st ars. The impor t ance
of t he CND is t hat it is a reser voir of gas t hat will probably
fuel future episodes of st ar for mation and of copious accretion
onto t he central black hole; in a previous phase of its existence,
it may h ave been responsible for for ming t he present cluster
of massive young st ars (Mor r is & Serabyn 1996; Mor r is et al.
1999; Lu et al. 2013). Consequently, in order to underst and t he
activity of t he central parsec of our Galaxy, especially includ-
ing t he role of t he CND in st ar for mation, it is impor t ant to

Figures 4, 5, 8, 9 and B.1 to B.4 are also available in FITS
for mat at t he CDS via anonymous f tp to
( ) or via

The dat a presented herein were obt ained at t he W. M. Keck Obser-
vator y, which is operated as a scientific par tnership among t he Califor-
nia Institute of Technology, t he University of Califor nia and t he National
Aeronautics and Space Administration. The Obser vator y was made pos-
sible by t he generous financial suppor t of t he W. M. Keck Foundation.

elucidate t he evolutionar y pat h of t he CND by underst anding
its str ucture and dynamics in as much det ail as possible. Fur-
t her more, because many galaxies wit h gas-r ich nuclei apparently
have nuclear disk s sur rounding t heir central super massive black
holes (e.g., Netzer 2015; Gravity Collaboration 2020; Ver mot
et al. 2021, and references t herein), we can gat her impor t ant but
ot her wise unatt ainable insights from t he CND t hat are appli-
cable to galactic nuclei in general and even to active galactic
nuclei.

The CND is a war m (a few hundred K) molecular medium
character ized by strong turbulence and “clumpiness” (Güsten
et al. 1987; Genzel 1989; Mar r et al. 1993; Jack son et al.
1993; Bradford et al. 2005; Ok a et al. 2011; Mar tín et al. 2012;
Requena-Tor res et al. 2012; Mills et al. 2013; Tsuboi et al. 2018;
Hsieh et al. 2021; Dinh et al. 2021). The ver y existence of clumps
has led some aut hors to argue t hat eit her t he clumps are tidally
st able (Shukla et al. 200 4; Chr istopher et al. 2005; Montero-
Cast año et al. 2009) or t hat t he CND is a transient feature wit h an
age of less t han a few dynamical times because t he clumps have
not yet had suf ficient time to be tidally sheared out of existence
(Güsten et al. 1987; Requena-Tor res et al. 2012). However, t he
individual clumps can be transient features produced by inst abil-
ities or by large-scale disturbances to t he disk (Blank et al. 2016;
Dinh et al. 2021), even if t he disk in which t hey are produced is
itself a long-lived str ucture.
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Fig. 1. Outline of t he two mosaicked regions repor ted here super imposed on: t he tot al intensity map of J 4–3 CS emission from ALMA (lef t ;
Hsieh et al. 2021), and t he 6-cm radio continuum image from t he VLA (r ight ; Zhao et al. 2016; Mor r is et al. 2017). The location of Sg r A* is
indicated in each panel wit h a g reen cross.

Tidal st ability of t he clumps requires densities t hat exceed
107 cm 3 . Such a high density could only apply to a small frac-

tion o f t he CND volume because t he tot al mass is constrained
by t he optically t hin far-infrared and submillimeter fluxes from
t he CND (Genzel et al. 2010; Etxaluze et al. 2011). Estimates
of t he tot al mass of t he CND have var ied over a wide range,
depending on t he densities and volumes infer red for t he clumps.
Density estimates, mostly based on t he analysis of molecular
rot ational lines, range up to 106 cm 3 (Güsten et al. 1987; Ok a
et al. 2011; Requena-Tor res et al. 2012; Lau et al. 2013; Mills
et al. 2013; Smit h & Wardle 2014; Tsuboi et al. 2018). Recently,
Hsieh et al. (2021) repor ted CS obser vations of a large popula-
tion of tiny clumps, many wit h infer red densities in t he range
106 to 108 cm 3 . However, almost all of t he analyses based on
molecular line obser vations have assumed t hat t he molecular
excit ation is entirely collisional, alt hough radiative excit ation via
t he rot ation-vibration lines is likely to contr ibute subst antially to
t he excit ation in t his infrared-br ight region (Mills et al. 2013).
Consequently, t he infer red densities in most treatments can be
regarded as upper limits, and t he question of whet her any of
t he clumps in t he CND are tidally st able remains open. The
uncer t ainty in t he density deter minations and in t he density dis-
tr ibution function (or t he distr ibution of bot h clump sizes and
clump densities) underlies t he rat her uncer t ain mass estimates,
but t he mass of t he inner r ing of t he CND, from where most
of t he molecular lines and infrared continuum emission ar ise,
probably lies in t he range 2–10 104 M .

The investigation repor ted here is t herefore motivated in par t
by t he need to elucidate t he clump size distr ibution. Clump mor-
phology is anot her key issue t hat we propose to investigate. To

date, t heoretical treatments of t he clump character istics have all
assumed spher ical clumps, but t hat assumption is valid only if
t he clumps are self-g ravit ating to t he point of being tidally st able,
which might apply only to a small fraction of t he gas mass. If t he
clumps are not tidally st able, tidal shear will have pulled t hem
into elongated streams. Indeed, t he H 2 mor phologies sampled
wit h t he Hubble Space Telescope (HST) obser vations of Yusef-
Zadeh et al. (2001) suggest t hat some fraction of t he emission
is organized into filament ar y features. The detection of filamen-
t ar y clumps on even smaller scales would imply an upper limit
to t heir densities t hat is below t he Roche density.

To address t hese questions, we obser ved two fields of t he
CND using t he OH-Suppressing Infrared Integ ral Field Spectro-
g raph (OSIRIS, Larkin et al. 2006) on t he Keck II telescope.
These fields – t he nor t heaster n (NE) and sout hwester n (SW)
lobes in t he nomenclature of Yusef-Zadeh et al. (2001) and
Chr istopher et al. (2005) – lie at t he two opposite nodes of t he
CND (Fig. 1).

In order to character ize t he size and shape of t he smallest
clumps in t his dat a set, we need to ret ain t he full sampling-
limited spatial resolution (at 0 1 per pixel) while reconstr ucting
maps of t he br ightness distr ibution, radial velocity, and radial
velocity dispersion of t he relatively low signal-to-noise ratio
(S/N) interstellar emission lines cont ained in t he spectral band.
To t his end, we have developed a new met hod to analyze
spectro-imaging dat a. Inspired by deconvolution and inter fero-
metr ic image reconstr uction, t his met hod reconstr ucts optimal
parameter maps (typically line flux, radial velocity, and veloc-
ity dispersion) under t he two constraints t hat t he model needs
to be close to t he dat a in t he minimum 2 sense and t hat t he
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parameter maps must be smoot h. This met hod was also used in
anot her paper on infrared spectroscopy of t he Galactic Center
(Ciurlo et al. 2016). Here, we give additional det ails about t he
foundation of t he met hod and provide more t horough testing and
validation.

In Sect. 2, we descr ibe our obser vations and dat a reduction
procedure. Section 3 presents our technique for building param-
eter maps as well as first tests of t he met hod using t he strong OH
lines present in t he dat a. We apply t his met hod to our dat a set
and provide more ample validation in Sect. 4. We t hen discuss
our findings in Sect. 5 and of fer concluding remark s in Sect. 6.

2. Observations and data reduction

We used t he integ ral-field spectrog raph OSIRIS (Larkin et al.
2006) at t he W.M. Keck Obser vator y fed by t he laser guide st ar
adaptive optics system to obser ve two fields at t he inner edge of
t he CND near t he location of t he two nodes of t he CND orbit.
The obser vations were car r ied out on May 13 and 19, 2010 (NE
field, 14 frames) and July 24 and 25, 2011 (SW field, ten frames)
and all consist of 900 s exposures t aken in t he Kn3 band (2.121–
2.229 m) wit h a 100 mas plate scale, giving a field-of-view for
each frame of 4 8 6 4 . The dat a have been reduced wit h t he
OSIRIS pipeline (Lockhar t et al. 2019), which subtracts dark s,
assembles t he cubes, cor rects t he sky lines and creates t he final
mosaics. The mosaics are photometr ically calibrated using st an-
dard A st ars obser ved t he same night as t he science obser vations.
The procedure is descr ibed in Ciurlo et al. (2020). Fur t her more,
each mosaic is astrometr ically calibrated using t hree st ars whose
absolute position is known t hrough HST obser vations of t he
area (Hosek et al., in prep.). The uncer t ainty on t he astrometr ic
calibration is about 0 5 .

The final dat a products are two mosaics, one for t he NE
and one for t he SW field. The NE field centered at J2000 coor-
dinates (17:45:41.67,-28:59:48.8), near t he receding node, is an
approximately square field 20 on each side wit h a small ( 1 )
hor izont al gap 4 sout h of its central point. The SW mosaic,
centered at (17:45:38.17,-29:00:57.5), covers a rect angular area
of 14 14 near t he approaching node.

In t he spectral band covered by our dat a, we detect two H 2
lines (1 0 S(1) at 2.1217 m and 1 0 S(0) at 2.2232 m) and t he
Br line of t he H I spectr um (2.1667 m), tracing H I I . The two
H 2 lines are several orders of magnitude stronger t han any ot her
H 2 line in t he band according to t he high-resolution transmission
molecular absor ptio n (HITRAN) dat abase (Gordon et al. 2017;
Komasa et al. 2011; Wolniewicz et al. 1998).

The dat a are dominated by continuum flux from st ars. We
estimated t his continuum emission for each spatial pixel as a
spline function going t hrough t he average flux in 12–13 feature-
less regions (Tables 1 and 2) of t he spectr um and subtracted it
from t he dat a. Unfor tunately t he H 2 line at 2 12 m is at t he
edge of t he spectral bandpass so t hat we have no continuum esti-
mate on t he shor t wavelengt h side of t his line and must resor t to
extrapolation t here. The presence of t he second line at 2 22 m,
to t he extent t hat it can be considered as shar ing t he same radial
velocity, alleviates t his issue. The S/N per dat a point ranges from
0 to 35 for H 2 from 0 to 18 for Br .

3. CubeFit: Data modeling with regularized
parameter maps

Integ ral field spectroscopy is a power ful tool t hat allows t he
simult aneous spectroscopic obser vation of all pixels wit hin a
continuous field-of-view, sometimes wit h t he goal of recording

Table 1. Wavelengt h ranges used for continuum estimation for t he SW
mosaic.

center ( m) nchannels (nm)

2.124 9 2.25
2.125875 8 2.00
2.1295 5 1.25
2.133875 8 2.00
2.143 9 2.25
2.160875 16 4.00
2.1685 13 3.25
2.1755 21 5.25
2.1835 13 3.25
2.1915 21 5.25
2.2195 13 3.25
2.227625 12 3.00

Notes. For each region, visually selected for its lack of spectral features
in t he dat a cube, we list t he central wavelengt h (in m; obser ved wave-
lengt h in t he vacuum), t he number of spectral channels, and t he spectral
bandwidt h (in nm). The bandwidt h of a single channel is 0 25 nm.

Table 2. Same as Table 1 but for t he NE mosaic.

center ( m) nchannels (nm)

2.125875 8 2.00
2.13 7 1.75
2.13475 7 1.75
2.148 17 4.25
2.157 7 1.75
2.16975 7 1.75
2.17475 7 1.75
2.1785 5 1.25
2.183375 14 3.50
2.1925 13 3.25
2.2095 17 4.25
2.219 9 2.25
2.228 9 2.25

t he individual spectra of many point sources and sometimes to
study t he spectral proper ties of dif fuse emission. This paper
focuses on t he latter. Integ ral field spectroscopy dat a are 3D, wit h
two spatial dimensions and one spectral dimension: (l m ) is
some quantity related to t he emitted intensity (e.g., flux density)
or iginating from t he direction (l m) at wavelengt h , wit h uncer-
t ainties (l m ). can be inter preted eit her as a collection
of images recorded in many consecutive wavelengt h channels or
as a collection of spectra (t he “spaxels”) for each pixel of t hese
images. Individual dat a points are called “voxels.” Obser vers
typically want to inter pret such dat a as a set of maps of phys-
ical parameters. Given a 1D spectral model ai ( ) of n scalar
physical parameters a0 an , one tr ies to constr uct a 2D map ai
for each parameter so t hat t he 3D model

ai (l m ) ai(l m) ( ) (1)

is a good match to t he dat a, , under a cr iter ion t hat involves t he
uncer t ainties, .

3.1. Traditional independent 1D fits

The most usual approach to t his problem is to simply per for m
a spectral fit on each individual spaxel spectr um in t he cube. In
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ot her ter ms, one deter mines ai(l m) by minimizing for each point
(l m) in t he field-of-view t he following quantity:

2
l m( ai ) (( (l m ) ai ( )) (l m ))2 (2)

where is t he weight associated wit h each dat a point (usually,
1 ). We note t hat minimizing t he 1D 2 ter m for each

point (l m) is equivalent to globally minimizing t he 3D 2 :

2 ( ai )
l m

(( ai ) )2

l m

2
l m( ai(l m) )

(3)

This met hod work s ver y well and is suf ficient as long as t he
S/N in t he emission line is large (&3–5) wit hin t he solid angle
viewed by each spaxel. However, t his condition of high S/N is
quite restr ictive. It means t hat t his approach fails in low S/N
areas of t he field, inevit ably ending up fitting independent noise
spikes.

3.2. An original regularized 3D fit

In order to avoid t his problem, we propose adding to t he 2 ter m
a penalty ter m t hat ensures t hat t he parameter maps are regular,
in t he sense of t he regular ization approach det ailed below: we
want t he maps of obser vable parameters to be as continuous as
possible across adjacent pixels. The measured var iations across
t he field should be represent ative of physical var iations rat her
t han noise, and any discontinuity should be smoot hed by t he
imaging resolution of t he instr ument. This treatment is inspired
by image deconvolution and inter ferometr ic image reconstr uc-
tion, two problems t hat have strong similar ities wit h t he one t hat
occupies us; in all t hese cases, t he obser ver wants to inter pret
complex dat a as a set of regular high-resolution spatial maps.
Our estimator t akes t he for m

( ai ) 2 ( ai )
n

i 1
i(ai) (4)

where each i is an appropr iate penalty function t hat encodes
pr ior knowledge on each parameter map. By globally minimiz-
ing such an estimator over an entire 3D dat a set, one ensures
t hat t he solution respects a compromise between proximity to
t he dat a and t his pr ior knowledge. Quadratic-linear (or L2 L1
for shor t) pr iors are of ten used to smoot h small noise g radients
while preser ving t he large g radients of edges as explained by
Mugnier et al. (200 4, and references t herein). We used t he nor m
from t heir Eq. (9):

i i (ai) i
2
i

l m

( ai(l m) i) (5)

where

(x) x ln(1 x ) (6)

and

ai(l m) [ lai(l m)2
mai(l m)2]1 2 , (7)

lai and mai being t he map finite-dif ference g radients along
l and m, respectively. The two hyper parameters (per parameter
map) i and i cur rently have to be set by hand. i regulates t he
transition between t he two regimes: small g radients (typical of

noise) are penalized whereas strong g radients (more likely phys-
ical) are restored. The i allows t he var ious regular ization ter ms
in to be weighted.

We developed CubeFit 1 , a code t hat implements t his met hod
using t he Yor ick inter preted language 2 . We bor rowed t he L2–
L1 regular ization function from Yoda 3 by Damien Grat adour,
a Yor ick por t of t he MISTRAL deconvolution sof tware by
Mugnier et al. (200 4). The model-fitting engine is t he con-
jugate g radient algor it hm implemented in t he Yor ick pack age
OptimPack 4 , version 1.3.2. A Pyt hon por t of CubeFit is under
development.

3.3. Test of the method on OH lines

The many strong OH lines present in t he near-infrared spectral
band give us t he oppor tunity to test our met hod on high S/N dat a.
In t his section, we use CubeFit on versions of t he two mosaics
t hat are not sky-subtracted and compare t he results wit h t hose
obt ained using a 1D approach. In t he process, we deter mine
field-var iable cor rections to t he instr ument al spectral resolution
and wavelengt h calibration t hat we use in t he later sections.

We used t he eight OH lines between 2.12 and 2.23 m in
t he list from Oliva & Or iglia (1992). For t he 1D spectral model

ai ( ), we used a Doppler-shif ted, multiline Gaussian profile:

j

I j
( )

j

I j exp

j

j
c

2

2 2 (8)

where c is t he speed of light. The ten parameters are t he intensi-
ties of t he eight lines I j , t he common Gaussian widt h (in t he
radial velocity domain) and a common radial velocity . We fitted
t he dat a wit h t his model using two met hods: individual 1D fits
on each spaxel (t he maps have been -filtered to remove some
bad fits) and wit h CubeFit.

Figure 2 shows t he result of t he 1D and 3D fits for t he
SW mosaic and t heir dif ferences. The linewidt h (which traces
spectral resolution for t hose intr insically ver y t hin tellur ic lines)
var ies considerably across t he mosaic. In each subfield, t he res-
olution var ies from 35 km s 1 in t he sout heaster n cor ner to

60 km s 1 in t he nor t hwester n cor ner. These strong var iations
create shar p edges at t he transition between subfields. In addi-
tion, t he linewidt h map shows some str iping at a much smaller
level t han t his overall g radient. The measured radial velocity map
also shows a trend in t he SE–NW direction on t he order of a few
kilometers per second. Because of t he var iations in t he linewidt h,
it is better to express line strengt h in ter ms of flux ( intensity
times widt h) rat her t han intensity. The cor responding map shows
var iations on t he order of 5% wit hin subfields. The dif ferences
between subfields are probably due to actual var iations in t he
airglow spectr um dur ing t he night.

The maps produced by t he two met hods are ver y similar
and exhibit t he same features. As expected, t he CubeFit 3D-
fit parameter maps are slightly less noisy, but reproduce t he
shar pest features only par tially (in par ticular t he shar p edges
between subfields and str iping of t he linewidt h map), which
explains t he slight bias in t he linewidt h distr ibution (Fig. 2,
bottom-lef t panel). Conversely, t he CubeFit parameter maps do
not need to be -filtered and some ar tifacts t hat can be seen in t he
1

2

3

4
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Fi g. 2. R es ults of m ulti pl e O H li n e fits f or t h e S W m os ai c. L eft c ol u m n: li n e wi dt h ( k m s− 1 ). C e nt er c ol u m n: r a di al v el o cit y offs et ( k m s− 1 ). Ri g ht
c ol u m n: fl u x of t h e bri g ht est li n e esti m at e d as i nt e nsit y ti m es wi dt h n or m ali z e d t o t h e 1 D fit m e di a n. T o p r o w: m e di a n- filt er e d p ar a m et er m a ps
fr o m t h e 1 D fit. S e c o n d r o w fr o m t o p : r e g ul ari z e d m a ps fr o m t h e 3 D fit. T hir d r o w fr o m t o p: 3 D p ar a m et er m a ps mi n us 3 D fit ( di vi d e d b y 1 D
fit f or fl u x). B ott o m r o w: hist o gr a ms of diff er e n c e m a ps ( bl a c k hist o gr a ms) a n d G a ussi a n fits t o t h os e hist o gr a ms (r e d c ur v es). T h e m o m e nts of
t h e G a ussi a n fits t o t h e hist o gr a ms ar e: m e di a n µ = − 0 .8 2 k m s − 1 a n d wi dt h σ = 1 .3 8 k m s − 1 f or t h e li n e wi dt h diff er e n c e; µ = 0 .1 0 k m s − 1 a n d
σ = 0 .9 5 k m s − 1 f or t h e li n e v el o cit y diff er e n c e; a n d µ = − 1 .5 % a n d σ = 2 .0 % f or t h e r el ati v e fl u x esti m at e diff er e n c e.

1 D- fit p ar a m et er m a ps ar e v er y w ell c orr e ct e d b y t h e r e g ul ari z a-
ti o n of C u b e Fit. F or i nst a n c e, artif a cts fr o m t w o v er y bri g ht st ars
c a n b e s e e n i n t h e 1 D fl u x m a p at ( dα, d δ ) (− 2 , − 3 ), a n d
(− 2 , − 5 ). Fi n all y, stri pi n g c a n als o b e s e e n i n t h e 3 D- fit v el o c-
it y m a p s u b fi el ds a n d c a n h ar dl y b e s e e n i n t h e 1 D- fit p ar a m et er
m a p d u e t o t h e a d diti o n al n ois e.

T h e s a m e a n al ysis o n t h e N E m os ai c yi el ds v er y si mil ar
r es ults. I n t h e r est of t his p a p er, w e fit t h e i ntri nsi c wi dt h a n d
r a di al v el o cit y of v ari o us li n es. T o d o s o, w e c orr e ct e d t h e m o d el
f or v ari a bl e s p e ctr al r es ol uti o n a n d w a v el e n gt h c ali br ati o n r esi d-
u als b y a d di n g, pi x el b y pi x el, t h e O H li n e wi dt h, σ O H (l, m ) (i n
q u a dr at ur e), a n d v el o cit y offs et, u O H (l, m ), t o t h e fitt e d li n e wi dt h
a n d v el o cit y:

σ t ot(l, m ) = σ (l, m )2 + σ O H (l, m )2 ( 9)

u t ot(l, m ) = u (l, m ) + u O H (l, m ). ( 1 0)

Si n c e t h e S/ N of t h e O H li n es is s o hi g h, a n d i n or d er t o
f ull y r e m o v e t h e s h ar p e d g es i n t h e s p e ctr al r es ol uti o n s p ati al
v ari ati o ns, w e us e d t h e r es ults of t h e 1 D fit f or t his p ur p os e.

F urt h er t ests of t h e m et h o d ar e d o n e i n t h e n e xt s e cti o ns
t o g et h er wit h t h e a n al ysis of t h e C N D d at a a n d ar e s u m m ari z e d
i n S e ct. 6 .

4. A p pli c ati o n t o t h e C N D d at a

T o a p pl y C u b e Fit t o t h e (s k y-s u btr a ct e d) C N D d at a, w e c h os e t o
us e li n e fl u x as a p ar a m et er f or t h e G a ussi a n pr o fil e r at h er t h a n
li n e a m plit u d e. T h e a m plit u d e I (l, m ) at a n y p oi nt is li n k e d t o t h e
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Fig. 3. Composite line maps of t he NE (lef t panel) and SW (r ight panel) mosaics. The flux of each of t he t hree lines of interest has been assigned
a color: red shows H2 (2 12 m), g reen H2 (2 22 m), and blue H I I (traced by Br , 2 17 m). Line flux is estimated by our fitting procedure.
Regular ization ensures t hat t he maps are smoot h and provides for extrapolation (in par ticular, t here is no gap anymore between t he two fields). It
actually also provides some extrapolation, but we cut t he field-of-view to t he initial one (except for t he gap).

flux F(l m) and t he tot al linewidt h tot (l m) (Eq. (9)) by

I(l m)
F(l m)

2 tot (l m)
. (11)

The reason for t his choice is t hat line amplitude depends on
t he instr ument al spectral resolution, which in our case var ies
across t he field wit h shar p edges (Sect. 3.3). Wit h our choice
of parameters (line flux, intr insic widt h, and velocity), we only
fit astrophysical quantities, clean of instr ument al signatures.

We also tr ied fitting t he two H 2 lines separately as well
as toget her. In t he regions where t he two lines have suf ficient
S/N, t he separate fits did not show a significant dif ference in
radial velocity or linewidt h, wit h dif ference histog rams compat-
ible wit h st atistical uncer t ainties. We t herefore chose to fit t he
two lines toget her. On t he contrar y, Br shows ver y dif ferent
mor phology and dynamics as demonstrated below and is fitted
separately from H 2 . When fitting two lines toget her, t he quantity
of interest is t he line ratio rat her t han each line flux separately.
Dividing one flux map by t he ot her causes several dif ficulties.
Division by small factors wit h low S/N is a classical issue. In
addition, t he regular ization in our met hod may lead to two maps
wit h slightly dif ferent ef fective resolution, which would lead to
ar tifacts in t he division. We t herefore use t he ratio itself as a
parameter rat her t han t he two line fluxes.

On each mosaic, we finally per for med two independent fits
on t he continuum-subtracted dat a: one on t he Br line alone
where t he t hree parameters are line flux FBr , intr insic widt h

Br , and intr insic radial velocity shif t Br , and one on bot h H 2
lines at once where t he four parameters are H 2 2 12 m line

flux FH 2 , flux ratio between t he two lines rH 2 , common widt h
H 2 and common Doppler shif t H 2 . The amplitude of t he H 2
2 12 m line I2 12 is computed as per Eq. (11) and t he amplitude

of t he H 2 2 12 m line is I2 22 r I2 12 .
Finally, t he 3D model functions Br and H2 are expressed

below using t he multiline Gaussian function i from Eq. (8):

Br
FBr Br Br

(l m ) Br

I Br (l m) tot
Br (l m) tot

Br (l m)( ) and (12)

H2
FH 2 r H 2 H 2 H 2

(l m ) 2 12 2 22

I2 12(l m) I2 22(l m) tot
H 2

(l m) tot
H 2

(l m)( ). (13)

The H 2 fit on t he NE mosaic was per for med in two passes.
The first time, only F H 2 and H 2 were fit. rH 2 was set to 0 3 and

H 2 to 40 km s 1 , bot h const ant across t he field. The Gaussian-
smoot hed and noise-added result of t his fit was t hen used as t he
initial guess for a second fit where all parameters were free. A
direct one-pass fit wit h const ant maps as initial guess for all
parameters had led to an er roneous local minimum. This two-
pass treatment was not necessar y for t he SW mosaic. The Br
fits were also done in two passes, where was fixed to 20 km s 1

dur ing t he first pass. Figure 3 shows t he flux distr ibution of t he
t hree lines as recovered by CubeFit. The fixed values for t he first
pass were chosen as typical values as evaluated in previous tr ies
in regions where t he fit was of good quality.

The resulting model cubes were interactively compared to
t he dat a cube using Cubeview for Yor ick 5 (Paumard 2003),
which was extended for t his pur pose. This inspection revealed
imper fect OH subtraction in ver y low S/N regions. OH lines ver y
5

A97, page 6 of 15

https://github.com/paumard/yorick-cubeview


T. Paumard et al.: Regular ized 3D spectroscopy wit h CubeFit

Table 3. St atistical proper ties of t he var ious fits.

Mosaic Species Fchan thresh
(a) Min(F) (b) Max(F) (b)

F
(b)

r
(c) (d) (d)

NE H 2 3 68 8 5 67 4 0 88 1 1 1 8 0 95
NE Br 1 72 3 2 30 2 0 46 – 1 5 2 6
SW H 2 3 67 7 4 75 7 1 11 1 0 1 4 1 5
SW Br 1 86 3 0 53 6 0 42 – 1 1 1 6

Notes. x denotes t he median of var iable x over t he region in which t he line detection is significant. (a) 10 27 W m 2 arcsec 2 per channel.
(b) 10 27 W m 2 arcsec 2 . (c)%. (d) km s 1 .

close to Br and to t he H 2 lines could bias our velocity and veloc-
ity widt h measurements. We t herefore decided to cut t he lowest
S/N regions out of our final maps. This t hreshold is applied to
t he maximum intr insic line flux per spectral channel:

Fchan
F
2

(14)

where is t he bandwidt h of a spectral channel. We consider
a detection to be significant and parameters to be unbiased on
spaxels wit h Fchan Fchan thresh where Fchan thresh is twice t he
median over t he field-of-view of t he root-mean-square (RMS)
of t he residuals wit hin each spaxel. In t he absence of calibra-
tion residuals such as t hose caused by t he OH lines, our met hod
would not require a t hreshold to be set.

The regular ization has t he ef fect of smoot hing noise wit hout
smoot hing significant features in t he var ious maps. It t herefore
ser ves our goal to increase S/N locally wit hout deg rading res-
olution. When dat a are missing altoget her, t he regular ization
ter m makes t he fitting procedure act as an inter polation func-
tion: t he output parameter maps t herefore have fewer holes t han
t he or iginal dat a.

For estimating uncer t ainties, we followed t he procedure
descr ibed in Ciurlo et al. (2016), which makes use of t his prop-
er ty: we generated four independent subsets of t he or iginal dat a
by selecting ever y second row and ever y second column of spax-
els. We t hen applied CubeFit to each subset independently. The
RMS of t he four independent estimates divided by 4 2 was
t aken to represent t he st atistical uncer t ainties of t he or iginal dat a.

Table 3 lists st atistical proper ties of t he maps and t heir uncer-
t ainties: t he flux per channel t hreshold ( Fchan thresh ) for each
map, and wit hin t he region where Fchan Fchan thresh , t he min-
imum and maximum of F and t he median of t he uncer t ainties in
t he four parameters. As a compar ison, t he med ian uncer t ainties
using a traditional 1D fitting met hod (directly estimated by t he
Yor ick 6 Levenberg-Marquardt-based fitting engine 7 ) for
t he NE H 2 dat a are F 3 74 10 27 W m 2 arcsec 2 , r
10%, 9 4 km s 1 , 9 2 km s 1 . The 1D-fit uncer t ain-
ties can also be estimated by t aking t he RMS of each parameter
map over four neighbor ing points, yielding median values of

F 1 24 10 26 W m 2 arcsec 2 , r 15%, 13 9 km s 1

and 23 7 km s 1 . The CubeFit uncer t ainties are t herefore
about ten times smaller t han t heir 1D counter par ts.

4.1. NE mosaic

The results for t he NE mosaic are presented in Figs. 4 and 5 for
H 2 and Br , respectively. The Br line ar ises from neutral hydro-
gen but it traces t he H I I region. The cor responding uncer t ainty
6

7

maps are in Figs. B.1 and B.2. The median uncer t ainties are
listed in Table 3.

H 2 is significantly detected almost ever ywhere in t he field,
whereas H I I is concentrated along t he sout her n and wester n
edges of t he field (i.e., on t he area nearest to t he central cavity).
The var ious maps of t he two species are ver y dif ferent from each
ot her, so t hat H 2 and H I I presumably belong in distinct volumes
of t he interstellar medium (ISM). In par ticular t he radial velocity
map for H 2 shows a rat her smoot h g radient from 0 km s 1 in t he
sout heaster n por tion of t he mosaic to 60 km s 1 in t he nor t hwest-
er n area, while t he velocity measured in H I I is near 0 km s 1 in
t he nor t hwester n area and approaches 40 km s 1 in t he SW area.
This var iation does not appear as a smoot h overall g radien t. A
plausible explanation is t hat H 2 is dominated by t he bulk orbit al
motion of t he CND, while t he ionized gas is more per turbed by
its interactions wit h t he nuclear cluster. The two line flux maps
appear clumpy, wit h no clear spatial coherence.

For bot h H 2 and H I I , t he intr insic linewidt h map shows
considerable str ucture wit h small, shar p features. The median
of t his widt h over t he spaxels where H 2 is reliably detected
is H 2 50 km s 1 , and t he minimum and maximum val-
ues are min H 2 15 0 0 6 km s 1 and max H 2 83 4
2 4 km s 1 . Similarly, for H I I , Br 40 km s 1 , min Br

7 21 1 48 km s 1 and max Br 63 57 4 75 km s 1 . Most
interestingly, t he linewidt h maps appear anticor related wit h t he
line flux maps. This anticor relation can be seen in Fig. 6, which
displays line flux versus linewidt h for t he two species. It is rem-
iniscent of t he cor relation seen by Ciurlo et al. ( 2 019) between
de-reddened line flux and extinction for H 2 detected in t he cen-
tral cavity. Like t hem, we hypot hesize t hat t he more densely
populated regions in t he plot represent individual clumps for
which a tight (anti)cor relation exists, each being af fected by a
dif ferent amount of foreg round extinction. For inst ance, t he H 2
widt h map shows shar p features in dark colors (i.e., small val-
ues) near (d cos( ) d ) (6 3 ) and (3 1 ) where t he flux
map shows local maxima of matching shapes. Figure 7 shows a
zoomed-in view of t he two maps of t his region. Since we are
using an or iginal met hod to measure line flux and widt h, we ver-
ify in Appendix A t hat t his cor relation is not an ar tifact of t his
new met hod.

4.2. SW mosaic

The results for t he SW mosaic are presented in Figs. 8 and 9 for
H 2 and Br , respectively. The cor responding uncer t ainty maps
are in Figs. B.3 and B.4. The median uncer t ainties are listed in
Table 3.

H 2 is reliably detected almost over t he entire field, except
along t he easter n edge. Br is also detected almost ever ywhere,
except along t he sout her n edge. In contrast to t he NE field, t he
var ious maps show coherent str ucture in t he for m of elongated
features presumably of filament ar y nature. These elongated
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Fi g. 4. R es ult of C u b e Fit o n t h e N E m os ai c f or
b ot h H 2 li n es. A bl a c k c ur v e o n t h e fl u x m a p
d eli n e at es t h e a m plit u d e t hr es h ol d (s e e t e xt).
T his r e gi o n is m as k e d o ut i n t h e ot h er m a ps.
T h e f o ur m a ps ar e, fr o m t o p l eft t o b ott o m
ri g ht : H2 λ 2 .1 2 µ m li n e fl u x ( F H 2

), fl u x r ati o
b et w e e n t h e t w o li n es ( r H 2

), c o m m o n i ntri nsi c
li n e wi dt h (σ H 2

), a n d c o m m o n i ntri nsi c r a di al
v el o cit y s hift ( u H 2

).

Fi g. 5. R es ult of C u b e Fit o n t h e N E m os ai c f or t h e Br γ li n e. A bl a c k c ur v e o n t h e fl u x m a p d eli n e at es t h e a m plit u d e t hr es h ol d (s e e t e xt). T his
r e gi o n is m as k e d o ut i n t h e ot h er m a ps. T h e t hr e e m a ps ar e, fr o m l eft t o ri g ht: li n e fl u x (F Br γ ), i ntri nsi c wi dt h (σ Br γ ), a n d i ntri nsi c r a di al v el o cit y
s hift ( u Br γ ).

f e at ur es c a n b e s e e n c o nsist e ntl y i n all p ar a m et er m a ps ( cl e arl y
i n t h e li n e wi dt h, fl u x a n d v el o cit y m a ps, l ess cl e arl y i n t h e fl u x
r ati o m a p).

As i n t h e N E fi el d, li n e wi dt h is a nti c orr el at e d wit h fl u x, at
l e ast l o c all y ( Fi gs. 1 0 a n d 1 1 ). H o w e v er, t h e bri g ht est H2 f e a-
t ur e is n ot ass o ci at e d wit h a p arti c ul arl y str o n g l o c al mi ni m u m
i n t h e wi dt h m a p. T h e fil a m e nts a p p e ar as d e e p v all e ys i n t h e
wi dt h m a p a n d ri d g es o n t h e fl u x m a p. T w o of t h e f o ur s u c h
el o n g at e d f e at ur es i n t h e H 2 m a ps, l a b el e d A a n d B i n Fi g. 8 ,
ar e ori e nt e d i n t h e s o ut h e ast – n ort h w est dir e cti o n a n d p ar all el t o
t h e f o ur f e at ur es l a b el e d E t o H o n t h e Br γ m a ps ( Fi g. 9 ). T h e
H 2 a n d H I I v el o cit y m a ps als o off er str o n g si mil ariti es: t h e y c a n
b ot h b e d es cri b e d as a pl at e a u n e ar u ≈ − 3 0 k m s − 1 o c c u p yi n g
m ost of t h e fi el d wit h t h e s et of p ar all el fil a m e nts ( A , B a n d E

t o H ) at a si g ni fi c a ntl y diff er e nt v el o cit y, n e ar − 8 0 k m s − 1 . We
als o n ot e t h at Br γ is bri g ht est al o n g t h e e ast er n e d g e of t h e fi el d,
pr e cis el y w h er e H 2 is n ot r o b ustl y d et e ct e d.

I n or d er t o b ett er pr o b e t h e v el o cit y fi el d i n t h e fil a m e nts,
w e e xtr a ct e d s p e ctr o gr a ms ( Fi gs. 1 2 a n d 1 3 ) al o n g t h e f o ur m ost
pr o mi n e nt fil a m e nts of e a c h m a p. T h e s p e ctr o gr a ms e xtr a ct e d
fr o m t h e 3 D c u b es ar e si mil ar t o w h at w o ul d b e a c hi e v e d wit h
a 0 .3 - ar cs e c o n d- wi d e l o n g-slit s p e ctr o m et er ali g n e d o n e a c h
fil a m e nt. O n slits A a n d B , t h e b ul k of t h e e missi o n h as a
v el o cit y dis pl a c e m e nt of a b o ut − 3 0 k m s − 1 wit h a dr o p t o a b o ut
− 8 0 k m s − 1 o n t h e e ast er n e n d ( w h er e t h e fil a m e nt ar y str u ct ur es
c a n b e s e e n o n t h e fl u x, li n e wi dt h a n d r a di al v el o cit y m a ps). T h e
(si n gl e- c o m p o n e nt) 3 D fit yi el ds a s m o ot h tr a nsiti o n b et w e e n
t h os e t w o r e gi o ns ( w hit e c ur v e), es p e ci all y f or slit B . H o w e v er,
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Fi g. 6. Li n e fl u x vs. wi dt h d e nsit y pl ot ( ar bitr ar y u nits) i n t h e N E
m os ai c. T o p: H 2 (λ = 2 .1 2 µ m). B ott o m: H I I. T h e t hr es h ol d i m p os e d
o n i nt e nsit y r es ults i n a tilt e d l o w er s el e cti o n b o u n d ar y o n t his pl ot. F or
b ot h s p e ci es, t h e t w o q u a ntiti es ar e a nti c orr el at e d. Alt h o u g h r e m ar k-
a bl e, t h e o v er all a nti c orr el ati o n is n ot v er y ti g ht. D e ns er r e gi o ns i n t h e
pl ot c o ul d b e t h e tr a c e of i n di vi d u al cl u m ps i n t h e C N D wit h a ti g ht er
l o c al a nti c orr el ati o n, m o d ul at e d b y v ari a bl e f or e gr o u n d e xti n cti o n.

f or b ot h slits, a n ot h er i nt er pr et ati o n is als o p ossi bl e: t h at of t w o
disti n ct, o v erl a p pi n g c o m p o n e nts ( gr e e n, d as h- d ott e d li n es). T h e
si n gl e c o m p o n e nt fit t h e n gi v es a w ei g ht e d a v er a g e of t h e t w o
a ct u al c o m p o n e nts i n t h e tr a nsiti o n r e gi o n. T his i nt er pr et ati o n
is c orr o b or at e d b y l o o ki n g at s p e ctr o gr a m D : Brγ e missi o n is
d et e ct e d i n t his slit, b ut at − 8 0 k m s − 1 , w hi c h is n ot w ell
m at c h e d b y t h e w hit e li n e d eli n e ati n g t h e H 2 v el o cit y. T his i n di-
c at es t h at H 2 a n d H I I ar e s e p ar at e d i nt o t w o c o m p o n e nts al o n g
t h e li n e- of-si g ht. Si mil arl y, H2 e missi o n c a n b e s e e n at sli g htl y
p ositi v e r a di al v el o cit y o n slits E t o G ( Fi g. 1 3 ) w h er e H I I is
a g ai n n e ar − 8 0 k m s − 1 . C o n v ers el y, i n slit H ( w hi c h is l o c at e d
a b o ut 1 n ort h of slit B ), b ot h s p e ci es ar e d et e ct e d at c o m p ati bl e
v el o citi es ( − 8 0 k m s − 1 ).

5. Di s c u s si o n

5. 1. C o m p ari s o n wit h r a di o m a p s

T h e t w o Br γ fl u x m a ps off er a stri ki n g r es e m bl a n c e t o t h e Ver y
L ar g e Arr a y ( V L A) 6- c e nti m et er c o nti n u u m i m a g e ( Fi g. 1 ). T his
is m ost o b vi o us f or t h e S W m os ai c w h er e t h e Brγ e missi o n o c c u-
pi es m ost of t h e fi el d. T h e s yst e m of p ar all el el o n g at e d f e at ur es
s e e n i n Fi g. 9 (E t o H ) ar e s e e n v er y cl e arl y i n t h e V L A i m a g e
as a d et ail i n t h e West er n Ar c of t h e Mi nis pir al. T h e f a ct t h at t his
s yst e m c o nti n u es at l ar g er dist a n c e fr o m S gr A * i n H 2 (f e at ur es
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Fi g. 7. Z o o m e d-i n vi e w of a f e at ur e i n t h e N E H 2 m os ai c ( λ = 2 .1 2 µ m)
li n e fl u x a n d wi dt h m a ps. T h e bri g ht S-s h a p e d ri d g e i n t h e fl u x m a ps
c orr es p o n ds t o a si mil arl y s h a p e d v all e y i n t h e wi dt h m a p.

l a b el e d A a n d B i n Fi g. 8 ) is a c o n fir m ati o n t h at t h e West er n Ar c
is t h e i o ni z e d i n n er e d g e of t h e C N D (V oll m er & D us c hl 1 9 9 9 ;
Nits c h ai et al. 2 0 2 0 ). T h e s a m e si mil arit y b et w e e n Brγ a n d 6-
c e nti m et er c o nti n u u m als o e xists i n t h e fi el d of t h e N E m os ai c
b ut is l ess o b vi o us b e c a us e b ot h ar e m u c h l ess l u mi n o us t h er e
t h a n i n t h e S W fi el d. H o w e v er, o n e c a n still cl e arl y s e e t h at t h e
Br γ a n d 6- c e nti m et er e missi o n ar e c o n c e ntr at e d al o n g t h e s o ut h-
er n a n d w est er n si d es of t h e N E fi el d (s e e als o Fi g. 3 ), a n d a s m all
fil a m e nt i n t h e 6- c e nti m et er c o nti n u u m i m a g e i n t h e s o ut h e ast er n
c or n er of t h e N E fi el d c a n b e r e c o g ni z e d i n t h e Br γ i m a g e.

Li k e wis e, t h e t w o H 2 m a ps ar e v er y si mil ar t o t h e C S i m a g e
fr o m Fi g. 1 . T h e − 8 0 k m s − 1 fil a m e nt ar y f e at ur es s e e n i n H 2

e missi o n i n t h e S W m os ai c ar e e vi d e nt i n t h e C S i m a g e. T h e
m ai n H 2 f e at ur es t h at c a n b e s e e n i n t his m os ai c ar e a t hi n fil a-
m e nt r u n ni n g fr o m t h e t o p c e nt er t o t h e S W c or n er l a b el e d C i n
Fi g. 8 , a n d a br o a d n ort h-s o ut h ri d g e l a b el e d D .

T h e f a ct t h at t h e m or p h ol o g y of m a n y of t h e str u ct ur es w e
i d e ntif y i n H2 a n d H I I m at c h t h os e o bs er v e d i n t h e r a di o ( C S a n d
c o nti n u u m, r es p e cti v el y) r e pr es e nts a v er y str o n g, i n d e p e n d e nt
pr o of of t h e r o b ust n ess of C u b e Fit r es ults, e v e n at s m all s c al es.

5. 2. Bri g ht f e at ur e s ar e c o m p a ct

I n b ot h fi el ds a n d i n b ot h s p e ci es, w e c o nsist e ntl y s e e a n a nti c or-
r el ati o n b et w e e n li n e wi dt h a n d fl u x, wit h l ar g e ar e as of l o w fl u x
a n d br o a d li n e wi dt h c o ntr asti n g wit h s m all r e gi o ns of bri g ht er
fl u x a n d n arr o w li n e wi dt h. T h at c a n b e e x pl ai n e d i n t h e f oll o wi n g
w a y. H y dr o g e n e missi o n i n H I I r e gi o ns is k n o w n t o o c c ur o nl y
(f or H2 ) or pri m aril y (f or Brγ ) at t h e s urf a c e of cl u m ps b e c a us e
cl u m ps ar e us u all y o pti c all y t hi c k i n t h e ultr a- vi ol et. T h e f a ct
t h at w e s e e br o a d li n es m e a ns t h at s e v er al cl u m ps ar e st a c k e d
al o n g t h e li n e- of-si g ht, s o t h at o n e s e es t h e i nt e gr al of a v el o cit y
gr a di e nt or a v el o cit y dis p ersi o n a m o n g cl u m ps. T h e n, w e c a n
i nt er pr et t h e n arr o w li n e ar e as i n t h e fi el d as i n di vi d u al c o m p a ct
cl u m ps t h at ar e p arti c ul arl y bri g ht a n d t h er ef or e d o mi n at e t h e
i nt e gr al o v er t h e li n e- of-si g ht. T h os e cl u m ps c a n b e pr es u m e d t o
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Fi g. 8. H 2 i n t h e S W m os ai c; s a m e p a n els as
Fi g. 4 . D as h- d ott e d w hit e li n es i n di c at e t h e l o c a-
ti o ns of t h e virt u al slits us e d i n Fi g. 1 2 a n d
u n d erli n e fil a m e nt ar y f e at ur es.

Fi g. 9. Br a c k ett- γ e missi o n i n t h e S W m os ai c; s a m e p a n els as Fi g. 5 . D as h- d ott e d w hit e li n es i n di c at e t h e l o c ati o n of t h e virt u al slits us e d i n Fi g. 1 3
a n d u n d erli n e fil a m e nt ar y f e at ur es.

b e bri g ht er as a c o ns e q u e n c e of a str o n g er ultr a vi ol et fi el d or a
hi g h er r at e of c ollisi o n al e x cit ati o n. T h e p arti c ul ar H 2 li n es t h at
w e pr o b e i n t his p a p er d o n ot all o w us t o dis cri mi n at e b et w e e n
t h e t w o e x cit ati o n m e c h a nis ms, b ot h of w hi c h ar e p ossi bl e i n t his
e n vir o n m e nt ( Ci url o et al. 2 0 1 6 ).

I n t his c o nt e xt, t h e bri g ht est f e at ur e i n t h e H2 fl u x m a p f or
t h e S W fi el d r e q uir es s o m e att e nti o n as it is n ot ass o ci at e d wit h a
str o n g l o c al mi ni m u m of li n e wi dt h. A ct u all y, t his p arti c ul ar f e a-
t ur e is at t h e i nt ers e cti o n of t h e fil a m e nts l a b el e d A a n d D . It
is als o at t h e tr a nsiti o n b et w e e n t h e − 3 0 k m s − 1 pl at e a u of t h e
v el o cit y m a p a n d t h e − 8 0 k m s − 1 fil a m e nts. T h er ef or e, t his l o c a-
ti o n is s p e ci al. T h e a p p e ar a n c e as t h e bri g ht est fl u x m a xi m u m
r es ults fr o m t h e o v erl a p of s e v er al bri g ht f e at ur es. T h e v el o c-
it y dis p ersi o n i nsi d e e a c h of t h es e i n di vi d u al f e at ur es is s m all,
as d e m o nstr at e d b y t h e wi dt h mi ni m a els e w h er e i n t h e A a n d
D fil a m e nts, b ut t h e v el o cit y dis p ersi o n a m o n g t h os e i n di vi d u al
f e at ur es is l ar g e, w hi c h e x pl ai ns t h e o v er all l ar g e li n e wi dt h.

5. 3. T h e fil a m e nt s ar e t hi n cl u m p s

R e c o g ni zi n g t h e West er n Ar c as t h e i o ni z e d i n n er e d g e of
t h e C N D r ais es t h e q u esti o n of w h et h er e a c h cl u m p is m ostl y

m ol e c ul ar wit h a n i o ni z e d s urf a c e, or w h et h er s o m e cl u m ps ar e
i o ni z e d a n d ot h ers n e utr al. I n Fi gs. 8 a n d 9 , fil a m e nt A c a n b e
s e e n o nl y i n H 2 , E t o G c a n b e s e e n o nl y i n H I I, b ut B a n d
H , w hi c h ar e l ess t h a n 1 a p art, ar e ess e nti all y d et e ct e d i n b ot h
s p e ci es. T h er e ar e t w o w a ys t o i nt er pr et t h os e t w o f e at ur es. It is
p ossi bl e t h at ri d g es H (s e e n i n H I I) a n d B (s e e n i n H2 ) tr a c e t w o
l a y ers of diff er e nt i o ni z ati o n st at es i n a s o m e w h at t hi c k fil a m e nt.
Alt er n ati v el y, it is als o p ossi bl e t h at t h e y r e all y ar e t h e tr a c e of
t w o disti n ct t hi n fil a m e nts, o n e of w hi c h is f ull y i o ni z e d a n d t h e
ot h er f ull y n e utr al. I n t his c as e, t h e f a ct t h at w e als o d et e ct H I I

i n slit B a n d H 2 i n slit H c o ul d b e attri b ut e d t o s p ati al r es ol u-
ti o n a n d slit wi dt h (0 .3 ). T h e f a ct t h at w e s e e o nl y o n e s u c h
tr a nsiti o n b et w e e n t h e t w o i o ni z ati o n st at es, a n d n ot o n e i n e a c h
fil a m e nt, s u p p orts t h e i nt er pr et ati o n t h at t h e y ar e s e p ar at e t hi n
fil a m e nts. F or t h e fil a m e nts pr es e nt e d h er e, t h e a p p ar e nt s h a p e
of t h e e missi o n f e at ur e ( b e it Br γ or o n e of t h e t w o H 2 li n es) is
a g o o d r e pr es e nt ati o n of t h e a ct u al s h a p e of t h os e cl u m ps: r e c-
tili n e ar, t hi n ( 0 .3 t hi c k n ess) a n d l o n g (r e a c hi n g 1 0 l e n gt h).
T his is i n c o ntr ast wit h w h at h as b e e n s e e n i n t h e c e ntr al c a vit y
(Ci url o et al. 2 0 1 9 ) w h er e cl u m ps a p p e ar t o b e o nl y p arti all y i o n-
i z e d. T h e o bs er v e d el o n g ati o n of t h e f e at ur es w e o bs er v e h er e is
a n ar g u m e nt a g ai nst s elf- gr a vit ati n g cl o u dl ets.
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Fi g. 1 0. Z o o m e d-i n vi e w of a f e at ur e i n t h e S W m os ai c: Br γ li n e fl u x
a n d wi dt h m a ps.

6. C o n cl u si o n

T h e r e g ul ari z e d 3 D fitti n g m et h o d t h at w e pr o p os e i n S e ct. 3
pr o v es t o b e a r o b ust w a y of esti m ati n g m a ps of p h ysi c al p ar a m-
et ers s u c h as li n e fl u x, v el o cit y dis p ersi o n, a n d r a di al v el o cit y,
r e c o v eri n g t h os e p ar a m et ers i n r e gi o ns w h er e t h e l o c al a v er a g e
p er- v o x el S/ N is as l o w as ≈ 1 . T h e r es ulti n g m a ps h a v e t h e
d esir e d pr o p erti es of b ei n g s m o ot h w hil e r et ai ni n g s h ar p f e a-
t ur es (s e e, e. g., t h e s h ar p l o c al mi ni m a i n t h e li n e wi dt h m a ps).
T h e u n c ert ai nti es, esti m at e d b y r e p e ati n g t h e s a m e pr o c ess o v er
f o ur i n d e p e n d e nt d at a s u bs ets, ar e v er y s m all; t h e y c orr es p o n d t o
w h at c o ul d b e o bt ai n e d aft er s m o ot hi n g t h e d at a wit h a r a di us of
≈ 5 pi x els ( 0 .5 ), w hi c h w o ul d h a v e s e v er el y d e gr a d e d t h e s p a-
ti al r es ol uti o n of t h e p ar a m et er m a ps ( Fi g. A. 1 ). We v ali d at e d t h e
r es ults of C u b e Fit a n d t h e ass o ci at e d u n c ert ai nti es b y c o m p ari n g
t h e m wit h a m or e cl assi c al s p a x el- b y-s p a x el 1 D fit i n S e ct. 4 . We
pr o vi d e a n ot h er v ali d ati o n i n A p p e n di x A , w h er e w e c o m p ar e
t h e r es ults of C u b e Fit wit h a m or e cl assi c al 1 D fit at a f e w l o c a-
ti o ns. Wit h t his c o m p aris o n, w e als o d e m o nstr at e t h at v ari ati o ns
i n li n e wi dt h a cr oss t h e fi el d, as esti m at e d b y t h e 3 D m et h o d, ar e
r o b ust. T his m et h o d h as als o b e e n a p pli e d t o a n ot h er d at a s et
i n a c o m p a ni o n p a p er, Ci url o et al. (2 0 1 6 ), w h er e w e d et e ct e d
H 2 t hr o u g h o ut t h e c e ntr al c a vit y usi n g t h e S p e ctr o m et er f or
I nfr ar e d F ai nt Fi el d I m a gi n g ( S PI F FI) i nt e gr al- fi el d s p e ctr o m-
et er at t h e E ur o p e a n S o ut h er n O bs er v at or y ( E S O) Ver y L ar g e
Tel es c o p e ( V L T). F urt h er m or e, i n t h e a p pli c ati o n pr es e nt e d h er e
w e fi n d s m all-s c al e f e at ur es t h at c orr es p o n ds t o fil a m e nts a n d
cl u m ps o bs er v e d i n t h e r a di o a n d i n ot h er m ol e c ul es. T his pr o-
vi d es a str o n g i n d e p e n d e nt c o n fir m ati o n of t h e r o b ust n ess of o ur
fi n di n gs wit h C u b e Fit.

We a p pl y C u b e Fit t o t h e K e c k/ O SI RI S d at a of t h e G al a cti c
C e nt er C N D i n S e ct. 4 . T h e li n e wi dt h m a p is a us ef ul t o ol f or
i d e ntif yi n g d e ns er k n ots i n t h e I S M, w hi c h a p p e ar as s h ar p l o c al
mi ni m a i n t h e v el o cit y dis p ersi o n. T h e I S M i n t h e S W fi el d is
or g a ni z e d i nt o t w o c o m p o n e nts: 1) a diff us e c o m p o n e nt n e ar
− 3 0 k m s − 1 t h at c o nt ai ns o nl y a f e w f e at ur es, i n cl u di n g t w o
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Fi g. 1 1. Li n e fl u x vs. wi dt h d e nsit y pl ot ( ar bitr ar y u nits) i n t h e S W
m os ai c (s e e Fi g. 6 ). T h e a nti c orr el ati o n b et w e e n li n e fl u x a n d wi dt h is
q uit e r e m ar k a bl e i n t h e l o w er p a n el ( Brγ ), w h er e it t a k es t h e f or m of
s e v er al n arr o w, d e ns el y p o p ul at e d str e a k s o n t h e d e nsit y pl ot. I n t h e t o p
p a n el ( H2 ), t h e a nti c orr el ati o n is w e a k er t h a n i n t h e b ott o m p a n el a n d
t h e d e nsit y distri b uti o n is m or e diff us e, b ut o n e c a n still i d e ntif y li n e ar
f e at ur es, s h o wi n g t h at s u c h a c orr el ati o n e xists l o c all y.

fil a m e nts ori e nt e d r o u g hl y i n t h e n ort h –s o ut h dir e cti o n, a n d 2) a
n u m b er of t hi n, c o m p a ct, ti d all y s h e ar e d fil a m e nts, ali g n e d al o n g
t h e ort h or a di al dir e cti o n, wit h r a di al v el o citi es n e ar − 8 0 k m s − 1 .
T h es e t w o c o m p o n e nts c o nt ai n b ot h H I I a n d H 2 , b ut e a c h ort h o-
r a di al fil a m e nt c o nt ai ns o nl y o n e of t h e t w o s p e ci es, wit h t h e
m ost i o ni z e d cl os er t o t h e c e nt er of t h e n u cl e ar st ar cl ust er.
T h os e fil a m e nts ar e ali g n e d wit h t h e fil a m e nts t h at ar e e vi d e nt i n
t h e r a di o c o nti n u u m i m a g e ( Fi g. 1 ) a n d wit h t h e l o c al dir e cti o n of
t h e m a g n eti c fi el d ( D o w ell et al., pri v. c o m m.). I n c o ntr ast, s h e ar
s e e ms t o pl a y l ess of a r ol e i n s h a pi n g t h e e missi o n i n t h e N E
fi el d, a n d t h e Br γ a n d H 2 e missi o n s e e ms t o ori gi n at e fr o m dis-
ti n ct o v erl a p pi n g c o m p o n e nts. H er e als o, m ost of t h e s urf a c e is
o c c u pi e d b y a n o pti c all y t hi n m e di u m e mitti n g at l o w fl u x, wit h
a f e w bri g ht c o m p a ct r e gi o ns wit h pr es u m a bl y hi g h er d e nsiti es
a n d o pti c al d e pt hs.

O ur o bs er v ati o ns t h er ef or e r e v e al a c o m pl e x a n d cl u m p y
e n vir o n m e nt, w h er e l o w- d e nsit y, hi g h- filli n g f a ct or m at eri al
s e e ms t o c o e xist wit h hi g h er- d e nsit y, l o w- filli n g f a ct or cl u m ps
t h at ar e ti d all y str et c h e d a n d s o m e of w hi c h ar e f ull y i o n-
i z e d. T h os e c o m p o n e nts h a v e disti n ct ki n e m ati cs, wit h r a di al
v el o citi es s e p ar at e d b y 5 0 k m s − 1 . T his pi ct ur e is v er y diff er e nt
fr o m t h e ass u m pti o n of s p h eri c al, s elf- gr a vit ati n g cl u m ps, w hi c h
h as s o m eti m es b e e n i n v o k e d i n p ast st u di es.

O bs er vi n g t h e r est of t h e C N D i n t h e t hr e e li n es us e d h er e
w o ul d h el p d et er mi n e w h et h er o ur c o n cl usi o ns h ol d g e n er all y.
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Fig. 12. Slit-like spectrog rams extracted from t he SW mosaic dat a along t he lines displayed in Fig. 8. The vir tual slit has a widt h of 0 3 arcsec.
Position–velocity images around each of t he t hree spectral lines studied in t his paper are displayed. The spectral axis is expressed as LSR for each
line. Over plotted in white is t he H 2 radial velocity der ived wit h CubeFit at t he same location, and t he cur ve is t he same in each subpanel. The
dash-dotted g reen lines highlight t he two-component solution descr ibed in t he main text.
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Fig. 13. Slit-like spectrog rams extracted from t he SW mosaic dat a along t he lines displayed in Fig. 9. The vir tual slit has a widt h of 0 3 arcsec.
Position-velocity images around each of t he t hree spectral lines studied in t his paper are displayed. The spectral axis is expressed as LSR for each
line. Over plotted is t he H I I radial velocity der ived wit h CubeFit at t he same location, and t he cur ve is t he same in each subpanel.
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T. P a u m ar d et al.: R e g ul ari z e d 3 D s p e ctr os c o p y wit h C u b e Fit

A p p e n di x A: C o m p ari s o n wit h cl a s si c al 1 D m et h o d

I n or d er t o v ali d at e o ur m et h o d, w e e xtr a ct e d a f e w s p e ctr a at
t y pi c al pl a c es i n t h e H2 fi el d b y a v er a gi n g s p a x els o v er a 0 .5
r a di us ( a m e di a n o n 7 8 s p a x els p er a p ert ur e) a n d p erf or m e d a
cl assi c al 1 D G a ussi a n fit o n t h e H 2 λ 2. 1 2 µ m li n e i n t h es e s p e c-
tr a. T h e c h os e n l o c ati o n a n d s p e ctr a ar e dis pl a y e d Fi g. A. 1 . T h e
a v er a g e O H li n e wi dt h ( w ei g ht e d b y F H 2

) o v er t h e s a m e a p ert ur e
is t h e n s u btr a ct e d i n q u a dr at ur e a n d t h e u n c ert ai nt y is pr o p a g at e d
fr o m t h e u n c ert ai nt y esti m at e d b y t h e fit its elf. T h e c orr es p o n d-
i n g esti m at e fr o m t h e 3 D fit a n d its u n c ert ai nt y ar e gi v e n b y t h e
a v er a g e of σ H 2

( Fi g. 4 ) a n d σ σ ( Fi g. B. 1 ), als o w ei g ht e d b y F H 2
.

T h es e 1 D a n d 3 D wi dt h m e as ur e m e nts ar e list e d i n Ta bl e A. 1
a n d a gr e e v er y w ell. T h e cl assi c al 1 D- fit a p pr o a c h c orr o b or at es
t h e fi n di n gs fr o m C u b e Fit, c o n fir mi n g t h e i ntri nsi c wi dt h v ari a-
ti o ns o v er t h e fi el d a n d c o n fir mi n g t h at t h e or d er of m a g nit u d e
of o ur esti m at e d u n c ert ai nti es is c orr e ct.

We als o p erf or m e d t h e 1 D fit o v er t h e e ntir e S W c u b e, o n c e
o n t h e ori gi n al n o n-s m o ot h e d c u b e a n d o n c e o n a s m o ot h e d
v ersi o n of t h e c u b e w h er e e v er y s p a x el c o nt ai ns t h e a v er a g e s p e c-
tr u m o v er a 0 .5 r a di us as a b o v e. We a g ai n s u btr a ct e d t h e O H
li n e wi dt h i n q u a dr at ur e. A cl os e- u p of t h e wi dt h m a p d eri v e d
fr o m t h es e t w o fits a n d fr o m C u b e Fit is dis pl a y e d Fi g. A. 2 .
R es ults fr o m t h e 1 D fit o n t h e n o n-s m o ot h e d d at a c o nt ai n
hi g h-r es ol uti o n f e at ur es b ut ar e v er y n ois y. S m o ot hi n g t h e c u b e
e n h a n c es t h e S/ N si g ni fi c a ntl y, at t h e c ost of er asi n g t h e s m all-
s c al e f e at ur es. C u b e Fit bri n gs t h e b est of t h e t w o w orl ds t o g et h er,
k e e pi n g t h e hi g h-r es ol uti o n f e at ur es w hil e r e m o vi n g m ost of
t h e n ois e, t h us e n h a n ci n g t h os e s m all-s c al e f e at ur es. T h e s h ar p
astr o p h ysi c al f e at ur es t h at w e dis c uss i n S e ct. 5 , v er y cl e ar wit h
o ur m et h o d, ar e dif fi c ult t o m a k e o ut fr o m t h e n o n-s m o ot h e d 1 D
fit a n d ar e s m o ot h e d o ut i n t h e s m o ot h e d 1 D fit. A n ot h er a d v a n-
t a g e of o ur m et h o d is its r esili e n c e o n b a d d at a p oi nts. A f e w b a d
v o x els i n t h e c u b e r es ult o nl y i n i n di vi d u al s pi k es i n o ur m et h o d
(s o m e c a n b e s e e n i n t h e fl u x r ati o m a p f or t h e N E m os ai c, Fi g. 4 )
w hil e s m o ot hi n g s m e ars t h e m o v er l ar g e ar e as.

T a bl e A. 1. I ntri nsi c H2 li n e wi dt h ( k m s− 1 ) at t h e l o c ati o ns r e pr es e nt e d
i n Fi g. A. 1 as esti m at e d b y a 1 D fit a n d C u b e Fit.

L o c ati o n 1 D fit 3 D fit
A 2 3. 8 ± 2. 6 2 4. 9 ± 1. 5
B 2 5. 9 ± 2. 6 2 4. 8 ± 1. 9
C 3 5. 3 ± 2. 2 3 4. 3 ± 1. 9
D 4 6. 7 ± 2. 5 3 9. 8 ± 1. 5
E 4 1. 9 ± 2. 4 4 1. 2 ± 2. 3
F 3 9. 4 ± 3. 3 4 0. 5 ± 1. 4
G 4 1. 3 ± 2. 9 4 0. 8 ± 1. 3
H 4 3. 6 ± 3. 6 4 6. 7 ± 1. 7
I 5 0. 7 ± 3. 3 5 1. 7 ± 1. 4
J 5 6. 3 ± 6. 0 5 4. 4 ± 1. 6
K 5 2. 5 ± 6. 4 6 2. 8 ± 2. 0
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Fi g. A. 1. Vari ati o n i n σ H 2
o v er t h e N E fi el d. T o p: H 2 li n e wi dt h m a p

( as i n Fi g. 4 ). T h e c ol or e d d ots m ar k t h e a p ert ur e o v er w hi c h s p e ctr a
h a v e b e e n e xtr a ct e d. T hr e e disti n ct c ol ors c orr es p o n d t o t hr e e li n e wi dt h
r a n g es: < 3 5 k m s − 1 i n w hit e a n d bl a c k, 3 5 – 4 2 k m s − 1 i n bl u e, a n d
> 4 2 k m s − 1 i n r e d. Mi d dl e: c orr es p o n di n g O H li n e wi dt h m a p. B ott o m:
s p e ctr a e xtr a ct e d o v er e a c h a p ert ur e, n or m ali z e d a c c or di n g t o t h e 1 D
G a ussi a n fit. T h e bl a c k s p e ctr a c orr es p o n d t o t h e w hit e a p ert ur es, a n d
t h e r e d a n d bl u e s p e ctr a c orr es p o n d t o t h e r e d a n d bl u e a p ert ur es. T h e
c orr es p o n di n g wi dt hs ar e list e d i n Ta bl e A. 1 .
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Fi g. A. 2. Cl os e- u p o n t hr e e v ersi o ns of t h e S W wi dt h m a p. L eft: 1 D fit
o n a n ori gi n al ( n o n-s m o ot h e d) c u b e. C e nt er: 3 D fit wit h C u b e Fit. Ri g ht:
1 D m et h o d fit o n a n a p ert ur e-s m o ot h e d c u b e.

A p p e n di x B: U n c ert ai nt y m a p s

Fi g ur es B. 1 , B. 2 , B. 3 , a n d B. 4 s h o w t h e u n c ert ai nt y m a ps ass o ci-
at e d wit h t h e p ar a m et er m a ps i n Fi gs. 4 , 5 , 8 , a n d 9 , r es p e cti v el y.
M e di a n v al u es o v er t h e c o nsi d er e d fi el d- of- vi e w f or e a c h m os ai c
a n d s p e ci e ar e list e d i n Ta bl e 3 .
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Fi g. B. 3. U n c ert ai nt y m a ps c orr es p o n di n g t o Fi g. 8 . R e d li n es d eli n e at e t h e s a m e a m plit u d e t hr es h ol d as o n t h e fl u x m a p. We dis pl a y t h e fl u x-t o-
fl u x u n c ert ai nt y r ati o r at h er t h a n t h e u n c ert ai nt y its elf.
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