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The cluster of helium stars around Sgr A
�

has been re-observed with the BEAR spectro-imager on CFHT,
in the 2.06 � m helium line, at a spectral resolution of 52 km s �

�
and on a field of � 40 � � . This new analysis

confirms and completes a previous study at a spectral resolution of 74 km s �
�

and on a smaller field of
24 � � , corresponding to the central parsec (Paumard et al. 2001). Nineteen stars are confirmed as helium
stars. These observations led to a clear differentiation between two groups of hot stars based on their
emission linewidth, their magnitude and their positions relative to Sgr A

�
. The first class of 6 members is

characterized by narrow-line profiles (FWHM � 200 km s �
�
) and by their brightness. The other, fainter in

K by an average of 2 mag, has a much broader emission component of width � 1,000 km s �
�
. Several of the

emission lines show a P Cygni profile. From these results, we propose that the narrow-line group is formed
of stars in the LBV phase, while the broad-line group is formed of stars in or near the WR phase. The
division into two groups is also shown by their spatial distribution, with the narrow-line stars in a compact
central cluster (IRS 16) and the other group distributed at the periphery of the central cluster of hot stars.
HST-NICMOS data in Pa � (1.87 � m) of the same field reveal a similar association. The identification of
the Pa � counterpart to the He I stars provides an additional element to characterize the two groups. Bright
Pa � emitters are found generally associated with the narrow-line class stars while the weak Pa � emitters
are generally associated with the broad-line stars. A few particular cases are discussed. This confirms the
different status of evolution of the two groups of massive, hot stars in the central cluster. As a by-product,
about 20 additional candidate emission stars are detected in the central, high-resolution 19 � � field from the
NICMOS data.

1 Findings from BEAR 97 He I 2.06 µm observation

With the BEAR spectro-imager, an imaging FTS (Maillard 2000) the central pc of the Galaxy was observed
in 1997 at a spatial resolution of 0.5 � � and spectral resolution of 74 km s �

	
in the He I 2.058 
 m domain,

covering a field of 24� � . The observation provided a homogeneous set of fully resolved line profiles. The
spectro-imaging data were associated with Adaptive Optics data from CFHT in the K band (Lai et al.
1997) to check the possible confusion of sources. That particular study of the helium emission-line stars
in the central parsec of the Galactic Center was published in Paumard et al. (2001). The main results can
be summarized as follows:

1. 16 fully resolved P Cygni emission line profiles, cleaned of ISM emission, of purely stellar origin, were extracted.
2. they were found to divide into two distinct classes, with narrow (FWHM � 200 km s �

�
) and broad-line profiles

(FWHM � 1,000 km s �
�
).

3. a difference in K of � 2 mag between the two classes was measured.
4. the spatial distribution of the two groups is different, with the narrow-line objects arranged in a central cluster,

and the other class dispersed in a ring beyond a radius of � 0.3 pc from SgrA
�
.

From these findings it was concluded that the group of narrow-line stars can be considered as formed of
stars in the LBV phase, and the other one of stars at the WR stage.

c
�
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2 Observations

New BEAR data in He I 2.06 � m were obtained in June 2000 at higher spectral resolution (52 km s ��� ). The
field, composed of three overlapping circular sub-fields, was wider, and the signal-to-noise ratio higher by
a factor of � 1.6.

Pa � HST/NICMOS observations were taken in 1998 of the central parsec with Camera 1 (Stolovy et
al.1999) and of the central 4 pc with Cameras 2 and 3 (Scoville et al. 2003). Dithered Images were taken
in filters F187N centered on the 1.87 � m Pa � line and in F190N for the nearby continuum. By subtracting
a suitably scaled F190N mosaic image from the F187N mosaic, a map of the stellar and interstellar Pa �
emission can be obtained. Figure 3 shows the central region of the composite Camera 2 and Camera 3 Pa �
image, for which the central ���
	 	��
����	 	 has a spatial resolution of ��� 	 	���� .

3 He I stars and Pa � emission

With the new BEAR data, almost all the stars mentioned in Paumard et al. (2001) are confirmed, except
the star numbered “N6”. The Pa � data show a bright, very small ISM feature and no stellar counterpart to
this point-like He I emission. Four new broad-line stars are added. Two were out of the previously studied
field, and the better signal-to-noise ratio is responsible for the other two new detections. The star “B5”
was associated with IRS 13E. Maillard et al. (2003) have shown that there was indeed two emission line
stars in the IRS 13E complex, namely IRS 13E2 and IRS 13E4. The broad line clearly detected in He I
belongs to E2 only from Fabry-Perot imaging associated with adaptive optics by Clénet et al. (2003). The
line profiles and locations of the 19 stars are shown in Fig. 1 and Fig. 2a. Fig. 2b clearly confirms that the
narrow-line stars are generally much brighter in � than the broad-line stars. For B11, the signal-to-noise
ratio is just sufficient to claim a detection, but not to derive reliable line parameters.

Fig. 3a shows that the He I stars are associated with the Pa � emission stars. The narrow-line stars
(circles) are coincident with bright Pa � emitters (mean intensity � 2 10 ����� W cm ��� without taking into
account IRS 34W, Table 1), whereas the broad-line stars correspond to fainter Pa � emitters (mean intensity
� 0.97 10 ����� W cm ��� ). Other Pa � emitters are present, which may be also associated with He I emission,
but too faint to have been detected with BEAR. A source extraction with the StarFinder procedure (Diolaiti
et al. 2000) gives 52 point-like emission features in the high-resolution ����	 	 central field, of which 43 are
emission line stars with a high degree of certainty. The 9 other need further observation to rule out the
possibility that these point sources are compact ISM features or incomplete continuum subtraction of stars.
However, this result (Fig. 3b) is generally consistent with an independent analysis made by Scoville et al.
(2003).

Table 1 Physical properties of the helium stars: K
magnitude, full width at zero intensity (FWZI) of the
2.06 � m He I line (km s ��� ), Pa  line flux in units of
10 �"!$# W cm ��! , calibrated from Pa  emission in AF
(Najarro et al. 1994). ID 180 is from the photometric
list of Ott et al. (1999), HeI N3 is from Paumard et al.
(2001).

ID Name m % FWZI &('$)+*�,.-0/
N1 IRS 16NE 8.8 210 3.46
N2 IRS 16C 9.6 490 2.14
N3 IRS 16SW 9.4 520 2.09
N4 IRS 16NW 9.9 470 1.15
N5 IRS 33SE 9.9 460 1.12
N7 IRS 34W 11.8 500 0.14

ID Name m % FWZI &('$)+132�4 /
B1 ID 180 12.4 1,400 0.40
B2 IRS 7E2 12.2 1,500 0.28
B3 IRS 9W 11.8 1,900 0.83
B4 IRS 15SW 11.5 1,400 0.76
B5 IRS 13E2 11.0 1,300 2.27
B6 IRS 7W 12.0 1,600 0.44
B7 AF 10.6 1,200 4.40
B8 AFNW 11.5 1,800 1.05
B9 HeIN3 12.7 1,600 0.14
B10 BSD WC9 10.6 2,000 0.37
B11 IRS 29N 9.9 1,100 0.07
B12 IRS 15NE 11.2 1,500 0.37
B13 IRS 16SE2 11.8 940 1.15
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4 Discussion

The central cluster of helium stars is confirmed with a total of 19 members currently identified. The
various conclusions on the characteristics of these stars from the first paper, reviewed in the Introduction
are confirmed: division into two groups from their linewidths (Fig. 1 and Fig. 2b), from their brightness
and from their location (Fig. 2a). The difference of brightness (Fig. 2b) presents few exceptions which
were already noticed in the first paper. One of the narrow-line stars (N7, IRS 34W) is weak and one of the
broad-line stars (B11, IRS 29N) is brighter than the average of the other stars of the same group. From a
long-term photometric study (Ott et al. 1999) IRS 34W is indicated as a variable star. It was weak at the
time of our observations (Ott et al., private communication).

It was proposed in Paumard et al. (2001) that the group of bright, helium stars was made of LBV-type
stars. The high intensity of Pa � (Table 1), the variability of IRS 34W confirm that these stars are hot,
mass-losing stars, still rich in hydrogen. On the contrary, the weakness of the Pa � emission combined with
the very broad helium line are consistent with the other group being more evolved stars. A few sources are
exceptions – IRS 13E2, AF, IRS 16SE2 – showing a broad-line He I profile, but strong Pa � emission. This
apparent anomaly could certainly be due to the fact that the Pa � filter is not perfectly adapted to distinguish
between rich and poor hydrogen emitters. Since the Pa � line is blended with another significative helium
line, He I (4-3) at 1.869 � m, the intensity detected by the F187N can remain strong even if the hydrogen
emission is intrinsically weak. Already mentioned, the weakness of the K magnitude of IRS 34W (Table 1)
is due to the star being in a phase of enhanced intrinsic extinction. Naturally, the measured Pa � intensity
is extremely weak, a factor 14 lower than the mean intensity. However, all these elements confirm the
different status of evolution of the two groups of massive, hot stars in the central cluster. Assuming that all
these stars were formed in the same star formation event, the differences in evolutionary state would come
from the differences in their initial mass.

The Pa � data can help to address the question of whether the identification of emission line stars in the
central region is complete or not. Possibly, about twenty new stars, associated with weak Pa � emission are
detected in the central parsec (Fig. 3b). With only this indication, it cannot be concluded that they are more
WR candidates. A deep, spectroscopic analysis using adaptive optics in the K band is needed. Besides
more WRs, some of them could be Be stars, or could belong to the old star population as symbiotic or
Mira-type stars in a phase of emission. At any rate, these data represent a new element in the census of
spectral type in the central parsecs to better constrain the peculiar star formation conditions in this region
of the Milky Way.
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Fig. 1 Upper row, the 2.06 � m He I narrow-line profiles; three lower rows, the broad-line profiles, all on the same
velocity range of -2,000 to +2,000 km s �

�
. The intensities are in W m �

�
cm �

�
(Continuum: a few 10 �

���
for N1–N5,

a few 10 �
���

or 10 �
���

for the other stars). Simple line models are overplotted allowing to determine the full width at
zero intensity.
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a) b)

Fig. 2 a) Positioning of the helium stars, b) full width at zero intensity (FWZI) against K magnitude plot. The empty
squares represent the broad-line stars, while the filled diamonds represent the narrow-line stars. On plot b), two regions
can be seen: all the narrow-line stars, except IRS 34W – that is variable (see text) –, are grouped with a � magnitude
brighter than 10, and all the broad-line stars, except one, have a � magnitude fainter thant 10.5 (mean value � 12).

a) b)

Fig. 3 a) Pa � map of the central 2 pc, with the inner ����� � comprised of the high resolution Camera 2 data. Diamonds
indicate the locations of the broad-line stars while the narrow-line stars are indicated by circles. All of these stars show
emission in this Pa � filter. b) All emission line star candidates, in the central region, marked by square boxes. The
intensity scale is stretched to show fainter emission.
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PACS 04A25

High spatial resolution, near-infrared observations of the Galactic Center source, close to Sgr A � , known
historically as IRS13, are presented. These observations include ground-based adaptive optics images in the
H, K’ and L bands, HST-NICMOS observations in filters between 1.1 and 2.2 � m, and spectro-imaging data
in the He I 2.06 � m line and the Br � line. Analysis of all these data has made possible to resolve the main
component, IRS 13E, in a cluster of seven individual stars within a projected diameter of � 0.5 � � (0.02 pc),
and to build their SED. The main sources, 13E1, 13E2, 13E3 (a binary), and 13E4, are hot stars of different
nature. 13E2 and 13E4 are emission line stars. The spectral type of the various members goes from O5I to
WR, including dusty WRs like IRS 21 (Tanner et al. 2002). All these sources have a common westward
proper motion. Two weaker sources, 13E5 and 13E6, are also detected within the compact cluster, with
13E5 proposed as another dusty WR and 13E6 as a O5V star. An extended halo seen around the cluster,
part of the mini-spiral of dust is particularly enhanced in the L band. It is interpreted as a contribution of the
scattered light from the inner cluster and the thermal emission from the dust. IRS 13E is proposed to be the
remaining core of a massive, young star cluster which was disrupted in the vicinity of Sgr A � , and hence,
the possible source of the young stars in the central parsec, from the helium stars to the S stars.

1 Introduction

In the early mapping works of the central parsecs, a spot named IRS 13, bright at all near-infrared wave-
lengths, was reported, approximately located 3.6 � � south-west of Sgr A � . It was later resolved into two
sources in the K band separated by � 1.2 � � , IRS 13E and IRS 13W (Simon et al. 1990). From spectro-
scopic studies in the same band, IRS 13W was identified as a cool star (Krabbe et al. 1995) and IRS 13E
as an emission line source with strong He I 2.058, 2.112 � m, Br 	 line and other Brackett lines up to Br12
(Genzel et al. 1996), typical of the helium stars present in the central parsec. The first adaptive optics
(AO) map of IRS 13E in the K band obtained on the CFH Telescope was published by Paumard et al.
(2001), showing that the source resolved into two equally bright components 13E1 and 13E2, plus a third
weaker component called 13E3. Since the spectra of IRS 13E did not have the same spatial resolution the
identification of the associated spectral type was becoming subject to caution. In the centimetric domain,
Zhao and Goss (1998) found IRS 13 as the brightest radio continuum source after Sgr A � at the Galactic
Center. The detection of a discrete X-ray source from CHANDRA at the position of IRS 13 (Baganoff et
al. 2001) was another element making IRS 13 a source of special interest. The high resolution images
of the central parsec currently obtained at various wavelengths in the infrared are giving the possibility to
study in detail this peculiar Galactic Center source. A complete description of the present work can be
found in the companion paper of Maillard et al. (2003).

c
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2 New data on IRS 13

Calibrated ground-based AO data from several telescopes and space-based NICMOS data in the near in-
frared, all containing IRS 13 in their field, plus some spectroscopic data, and the proper motions of the
sources of the IRS 13 field, have all been combined.

2.1 High-angular resolution data

The AO data come from two different systems, Gemini North (Graves et al. 1998) for the H and the Kp
(2.12 � m, FWHM 0.41 � m) bands, and ESO 3.6-m telescope (Cl énet et al. 2001) for the L band. Medium
(M) and wide-band (W) filters, respectively centered at 1.1, 1.45, 1.60, 2.22 � m (coded F110M, F145M,
F160W and F222M) and two close narrow-band (N) filters (F187N centered on the 1.87 � m Pa � line and
F190N) were used in observing the stars at the inner parsec of the Galactic Center with the NICMOS
cameras on board HST.

A small portion of � 2.5 � ��� 2.5 � � , roughly centered on IRS 13E, of the image from each filter was
analyzed. All these high-resolution, multi-band images have provided the spectrophotometric information
on the IRS 13 sources and its environment, from 1 to 4 � m. The Gemini AO data were calibrated by linear
interpolation based on one bright, hot star of the field under study, from the calibrated NICMOS data,
between the F160W and F190N photometry for the H band, F190N and F222M for the Kp band. The star
detection and photometry was made with the StarFinder procedure (Diolaiti et al. 2000) for all the images.
Specially for the AO images a deconvolution code called MCS (Magain et al. 1998) was applied. For the
H and the Kp images the width of the synthetic PSF was equal to 0.040 � � and to 0.192 � � for the L-band
image, i.e. a gain in resolution respectively of a factor 4.5 in H, 4.3 in Kp and 1.5 in L.

2.2 Spectroscopic data

The only high-spatial resolution images giving spectroscopic information are contained in the NICMOS
narrow-band images from the F187N filter. By subtraction of F190N, a narrow-band filter in the nearby
continuum, from F187N, a map of the 1.87 � m Pa � emission was obtained (Stolovy et al. 1999). This
map shows the distribution of the ionized gas and stellar spots from Pa � emission in the atmosphere of
the hot stars. The Br � and 2.06 � m He I line profile at IRS 13E from BEAR spectro-imagery, an imaging
FTS (Maillard 2000), were used as complementary information to help precise the spectral type of the
underlying stars. The IRS 13 complex is located in a region of intense interstellar emission. The data cube
was particularly useful to correct the two emission line profiles from the interstellar emission, leaving fully
resolved stellar profiles respectively at 21.3 and 52 km s�	� resolution.

2.3 Proper motions

The proper motions of the IRS 13 sources and the sources contained in the surrounding 2.5 � ��� 2.5 � � were
obtained from Ott et al. (2003) who conducted an analysis of ten years of SHARP data (Eckart et al. 1995),
providing more than 1000 proper motions in the central parsec.

3 Results

From the deconvolution analysis of the 2.5 � �
� 2.5 � � field including IRS 13, 20 individual sources were
identified. IRS 13E is decomposed in seven sources, respectively names 13E1, 13E2, 13E3A and B, 13E4,
13E5 and 13E6. The name 13E3A and B is proposed for the two components of the source 13E3 which
appears double only after deconvolution, in the H and Kp bands. The positions of all the sources and their
proper motions, estimated for most of them, are given in Fig. 1. Their observed photometry in the H, K
and L bands is presented in Table 1. In the F187N - F190N image only 13E2 and 13E4 are remaining,
indicative that these two sources are emission stars.
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Fig. 1 The IRS 13 field with the star identification. The vector associated with most of the stars represents the
amplitude in velocity and the direction of proper motion measured from SHARP data by Ott et al. (2003). For E3A
and E3B only the barycenter proper motion is determined. The origin of the field corresponds to -2.19� � W and -3.00 � � S
with respect to Sgr A

�
.

From the flux measurements made in 8 bands, between 1.1 and 3.5 � m, it was possible to obtain a
dereddened spectrophometry of the IRS 13 sources. That supposes to adopt a ��� value and a law of
dereddening. From a mean value of 31.1 mag � � is known to strongly vary with extinction within the
central parsecs (Scoville et al. 2003). The local value was derived from two constraints: IRS 13W known
as a cool oxygen star, and IRS 13E2 and 13E4 as hot stars from Pa � imaging. A value of �����
	��
was adopted and was assumed to be valid over the small field around IRS 13. �
� could be pretty well
constrained assuming that IRS 13E2 is a WR star with T ������� 25,000 K. The IRS 13E2 spectral type is
based on the Pa � imaging, but also on Fabry-P érot spectro-imaging behind the CFHT-AO system where
IRS 13E2 is detected as the only source of the broad 2.06 � m He I emission line (Cl énet et al. 2003).
With the spectral range under study, from about 1 to 4 � m, beyond a temperature of 25,000 K we are in
the Rayleigh-Jeans regime, and the shape of the SED becomes constant in a ������� �����! #" versus � diagram.
�$� can be adjusted to bring the data points parallel to the SED. However, the fit of the dereddened data
has to be made as the sum of two black-body curves since most of the sources have an infrared excess,
signature of thermal dust emission. The adjustments is made with four parameters for each IRS 13 star,
by %&�('()�*,+.-/-0�213*4 657%&�('()(89+�-9-0�21:8� . The T * temperature being the high-temperature component,
is mainly determined by the data points between 1 and 2.5 � m, and T 8 by the 2 to 4 � m points. If for
the fitting T* becomes ; 25,000 K the temperature is set fix. The four final parameters are presented in
Table 2. The dereddened points and the fits are shown on Fig. 2. Several stars are very hot stars, i.e. with
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a T ������� 25,000 K. The NICMOS F110M and the L data are essential to give the maximum of constraints
to the SED of each source.

4 Nature of the IRS 13E sources

From the main results reported in the previous section an identification of the spectral type of the seven
components of IRS 13E can be derived.

Table 1 H, K and L photometry of the IRS 13E cluster and the nearby field stars

ID � � � �
	�� ��	��
W 14.51 11.22 8.92 3.29 2.29
E1 12.71 10.90 8.59 1.81 2.31
E2 13.02 10.95 7.73 2.07 3.21
E4 14.34 11.64 2.70
5 14.28 11.82 2.47
6 14.68 12.05 2.63
7 14.38 12.10 2.28
8 14.82 12.14 2.68
E3A 16.44 12.38 7.50 4.06 4.89
10 15.51 12.71 2.80
E3B 16.93 12.98 7.92 3.95 5.06
12 15.89 13.19 2.69
13 15.91 13.26 2.65
14 15.91 13.33 2.58
15 16.61 14.12 2.49
16 16.62 14.13 2.49
E5 18.15 14.20 8.48 3.95 5.71
18 16.77 14.43 2.34
E6 16.20 14.48 1.73
20 17.26 14.70 2.56

Table 2 Fitting parameters of the SED of the IRS 13E sources and IRS 13W The spectral type of each source as
discussed in Sect. 5 is summarized in the last column.

Star Coef 
 T 
 K Coef � T � K Sp. Type
W 23.00 2600 1700 650 M5III
E1 0.500 � 25000 12000 550 O5I
E2 0.450 � 25000 40000 550 WC9
E4 0.070 � 25000 45 1550 O5IIIe
E3A 0.460 3800 33000 610 d. WR �
E3B 0.375 3800 29000 580 d. WR
E5 0.070 6000 9800 630 d. WR
E6 0.008 � 25000 O5V

a : dusty Wolf-Rayet star
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W
E1
E2
E4
E3A
E3B
E5
E6

Fig. 2 Dereddened flux in W cm � ��� m � � for ��� = 35. The top of the arrows represents the upper limit of the
detectable flux in the 1.1

�
m and the L-band filters. The various lines represent the best fitting between 1 and 4

�
m of

the data points from a two-component model with the parameters of Table 2.

4.1 13E1, 13E2 and 13E4

The source 13E1 is a bright, blue star, but with no detected emission at Pa � . From its luminosity and its	�

���
IRS 13E1 is proposed to be close to a O5I main sequence star. 13E2 and 13E4 are two emission line

stars, 13E2 being brighter in Pa � by a factor 2. From the BEAR data, the 2.06 � m He I line is a broad line
( � 900 km s ��� FWHM) while the Br � line is narrow ( � 215 km s ��� FWHM). 13E2 is reported as the only
He I emitter (Cl énet et al. 2003). As a broad-line, helium-rich star, 13E2 is proposed as a Wolf-Rayet type
star, from the criterion on the linewidth developed in Paumard et al. (2001). By analogy with similar stars
in the central parsec the source should be more precisely a WC9 star. 13E4 is a blue star which shows a
narrow emission line in Pa � but no helium emission line. Therefore, this star is much less evolved than
13E2. It can be proposed as a O5IIIe, since it is weaker than E1 and has hydrogen lines in emission.
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4.2 13E3A, 13E3B and 13E5

On Fig. 2 these three stars (dash-dotted lines) have a similar SED. They are adjusted by a strong, cool
component at � 600 K (Coef � is high) and a weak, hotter component of a few thousands K. This adjustment
can be compared to the fitting of the SED of IRS 21 (Tanner et al. 2002) fitted by a two-component model,
the near-infrared scattered light from the central source peaking at � 3.8 � m (760 K), and the mid-infrared
re-emitted light from a dust shell at � 250 K. Tanner et al. (2003) conclude that this source is a dusty WR
star, experiencing rapid mass loss, and the other red, featureless spectrum sources along the Northern Arm
IRS 1W, 2, 3, 5, and 10W, as well. By analogy, we conclude that the three red sources within the IRS 13E
complex, also located in the dusty part of the mini-spiral are dusty WR stars.

4.3 13E6

The source IRS 13E6 is another blue star, much weaker than 13E1, 13E2 and 13E4, with K �����
	 14.5
(Table 1). The image in the L band is not deep enough to detect it at this wavelength to confirm that this
star is also embedded in the same concentration of dust than the other IRS 13E sources. From its color and
magnitude IRS 13E6 can be considered as close to a O5V type star. Without further indication, only from
the fact that all the other stars in IRS 13E are hot stars, we assume that IRS 13E6 belongs also to the same
complex.

5 Model of IRS 13E as the remaining core of a massive star cluster

IRS 13E appears as only composed of hot, massive stars, with at least 7 stars within 0.5 � � . The common
direction and comparable amplitude of the proper motions of the main components is a decisive argument
to indicate that 13E1, 13E2, 13E3A/B and 13E4 are physically bounded. The source previously called
IRS 13E is likely a compact star cluster. Furthermore, its composition means a young star cluster of a few
10 � yr old, since several members are identified as having already reached the WR stage.

The presence of such a compact cluster with a limited number of members raises the question of its
origin. First, it can be noticed that each component has many other examples of stars of the same spectral
type in the central parsecs. However, the large abundance of massive stars, which are very rare elsewhere
in the Galaxy, remains one of the major mysteries of this region of the Milky Way. Since star formation
would be difficult due to the strong tidal forces from the Sgr A
 black hole, Gerhard (2001) made the
interesting hypothesis that the central parsec He I stars, the most prominent of the massive young stars,
might be the remains of a dissolved young cluster, disrupted in the vicinity of the central black-hole. Kim
et al. (2003) tested this idea for different cluster masses and different initial orbit radii. They came to the
conclusion that some simulations can be regarded as possible candidates for the origin of the central parsec
cluster. With its exceptional concentration of massive stars, very close to Sgr A 
 , all bounded together,
we propose that IRS 13E might be the remaining core of such a massive cluster which was disrupted by
Sgr A 
 . The analysis of the 12 other stars identified in the IRS 13 field (Fig. 1) conducted as for the
IRS 13E cluster sources, made possible to separate the sources in two categories, 9 red stars (T ����� from
2800 to 5000 K) and 3 blue stars (T ������� 25,000 K). The red stars are members of the most numerous
population of the central parsecs, which is an old population of K, M and AGB stars, to which belongs also
IRS 13W. The blue stars should be members of the most recent stellar population. On the other hand, the
blue stars are comparable in magnitude and color to the stars of the S-cluster (Gezari et al. (2002) detected
around Sgr A 
 . The IRS 13E cluster itself contains also one of such lower mass blue stars (Table 2). Hence,
the hot stars, including the S and the helium stars, could come from the same initial massive cluster, and
complete its IMF. However, more simulations are needed to validate this hypothesis.

Another aspect of IRS 13 is the detection of a discrete X-ray emission within 1 � � positional accuracy
(Baganoff et al. 2001). IRS 13E as a star cluster might be the X-ray source, by the colliding winds of
all the close, hot, mass-losing stars. An example of such a source can be provided by the detection of a
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discrete X-ray source at the position of the core of the Arches cluster (Yusef-Zadeh et al. 2002). A better
astrometry of the X-ray source at IRS 13 could help confirm this assumption, consistent with IRS 13E as
the remaining core of a massive star cluster.
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Abstract. Integral field spectroscopy of the inner region of the Galactic Center, over a field of roughly 40′′ × 40′′ was obtained
at 2.06 µm (He I) and 2.16 µm (Brackett-γ) using BEAR, an imaging Fourier Transform Spectrometer, at spectral resolutions
respectively of 52.9 km s−1 and 21.3 km s−1, and a spatial resolution of ' 0.5′′. The analysis of the data was focused on the
kinematics of the gas flows, traditionally called the “Minispiral”, concentrated in the neighborood of the central black hole,
Sgr A?. From the decomposition into several velocity components (up to four) of the line profile extracted at each point of the
field, velocity features were identified. Nine distinguishable structures are described: the standard Northern Arm, Eastern Arm,
Bar, Western Arc, and five additional, coherently-moving patches of gas. From this analysis, the Northern Arm appears not
limited, as usually thought, to the bright, narrow North-South lane seen on intensity images, but it instead consists of a weak,
continuous, triangular-shaped surface, drawn out into a narrow stream in the vicinity of Sgr A? where it shows a strong velocity
gradient, and a bright western rim. The Eastern Arm is split into three components. An Eastern Cavity proposed on radio maps
is not confirmed, but a new ISM feature is detected just east of its position, the Eastern Bridge, that seems to be a new flow.
We also report absorption of ISM structures by others, providing information on their relative position along the line of sight.
A system of Keplerian orbits can be fitted to most of the Northern Arm, and the bright rim of this feature can be interpreted in
terms of line-of-sight orbit crowding as being formed by the warping of the flowing surface at the western edge facing Sgr A ?.
These results lead to a new picture of the gas structures in Sgr A West, in which large-scale gas flows and isolated gas patches
coexist in the gravitational field of the central Black Hole. The question of the origin of the ionized gas is addressed and a
discussion of the lifetime of these features is presented.

Key words. infrared – spectro-imaging – FTS – Galaxy: Center – Sgr A West – ionized gas

1. Introduction

Within the inner 2 pc of the Galactic Center (GC) lies the Sgr A
West region, dominated by ionized gas which, because of high
obscuration along the line of sight, has been detected only at in-
frared and radio wavelengths. Infrared fine-structure line emis-
sion of [Ne ] at 12.8 µm has been used to map the gas dis-
tribution a number of times, with successively higher spatial
sampling and spatial and spectral resolutions, up to 0.6′′×1.0′′

sampling, ' 30 km s−1 and 2′′ resolution in the most recent
paper (Lacy et al. 1991). In parallel, observations with the Very
Large Array (VLA) telescope provided a 6-cm map of the ion-
ized gas in the radio continuum at 1′′ resolution (Lo & Claussen
1983). Later, Roberts & Goss (1993) observed the Sgr A West

Send offprint requests to: J.P. Maillard, e-mail: maillard@iap.fr.
? Data available online at CDS

(http://cdsweb.u-strasbg.fr/), see Sect. 5.5.
?? Visiting Astronomer, Canada-France-Hawaii Telescope, operated
by the National Research Council of Canada, le Centre National de la
Recherche Scientifique de France and the University of Hawaii.

complex in the radio recombination H92α line at 3.6 mm (8.3
GHz), also at a resolution of 1′′. Much higher spatial resolu-
tion was reached with the VLA at 13 mm, with a beam size of
0.15′′×0.10′′, in the course of a project to measure proper mo-
tions of the bright, compact blobs of ionized gas (Zhao & Goss
1998). Also, with the NICMOS cameras on board HST, the
Paα line was observed at a spatial resolution of 0.18′′ (Scoville
et al. 2003, these data will be used in this paper for comparison
purposes).

Brγ at 2.166 µm has also been used to trace the ionized gas.
The first detection consisted of a grid of spectra around IRS 16
(Geballe et al. 1991) which could not give an overview of the
emission morphology. The availability of near-infrared arrays
has resulted in many images of the Galactic Center. However,
the ionized gas can only be detected by spectro-imaging or by
narrow-band imaging on a strong emission line. Broad-band
images, for example in the K band, are dominated by the stel-
lar content. A first attempt of spectro-imagery in Brγ was made
by Wright et al. (1989) with a Fabry-Perot system scanned over
' 1 000 km s−1, at a modest spectral resolution of 90 km s−1 on
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a 38′′ × 36′′ field. The data cube obtained in the same line with
BEAR, an Imaging Fourier Transform Spectrometer on the
Canada-France-Hawaii telescope represents a significant effort
to cover most of the central ionized region with a much bet-
ter spectral resolution (FWHM 21.3 km s−1), at seeing-limited
resolution. A preliminary analysis was presented by Morris &
Maillard (2000). Data from the same instrument were obtained
on the 2.06 µm He  line, leading to the first identification of in-
terstellar Galactic center gas in this line (Paumard et al. 2001,
hereafter Paper I). Data were also obtained with NIRSPEC on
Keck II, by scanning the field with the 24′′ slit used in a north-
south orientation to obtain a spectral cube covering 1.98 µm to
2.28 µm at resolution of ' 21.5 km s−1 (Figer et al. 2000).

All these data show that the ionized gas in the inner few
parsecs of the Galactic Center is organized, in projection, into
a spiral-like morphology having several apparent “arms”. This
has led to the widespread appellation, “Minispiral” for this en-
tire pattern. The brightest features are named “Northern Arm”,
“Eastern Arm”, “Bar”, and “Western Arc”, as if imitating the
morphology of a very small spiral galaxy. These terms seem to
imply that the ionized filamentary structures constituting Sgr A
West either form spiral patterns, or are portions of spiral arms.
This view was motivated by the gas dynamical study carried out
by Lacy et al. (1991), who interpreted the [Ne ] data in terms
of a one-armed linear spiral in a Keplerian disk. The kinematics
derived from all these data were also very useful in constrain-
ing the enclosed mass.

The various features of Sgr A West give a spiral appear-
ance primarily because of the way they are superposed on each
other. However, a new analysis of Lacy’s data was conducted
by Vollmer & Duschl (2000) to re-examine the kinematic struc-
ture of the ionized gas. Using a three-dimensional representa-
tion they confirm the standard features, but with a more com-
plex structure, including two features for the Eastern Arm: a
vertical finger of high density and a large ribbon extending to
the east of Sgr A?, and two distinctly different components
in the Bar. Data in different lines, at better spectral and spa-
tial resolution, warrant an independent kinematic analysis. The
ionized gas is one component among the constituents that co-
exist within the central deep well of gravitational potential cre-
ated by the black hole candidate (Sgr A?) of a mass equiva-
lent to several million solar masses, with the compact cluster
of young stars, the surrounding population of evolved stars and
the ring of molecular gas. All these constituents orbit around
the central dark mass. However, a consensus concerning its
mass does not seem to have been emerged yet: assuming a dis-
tance of 8 kpc (Genzel et al. 2000), Ott et al. (2003) give a
mass of 2.9 ± 0.2 × 106 M�, whereas Ghez et al. (2003) give
4 ± ×106 M�. Developing a detailed picture of these compo-
nents will improve our understanding of the interaction of all
these components in the Galactic Center. The current analysis
completes the work made from similar data on the central clus-
ter of young, helium stars presented in Paper I and updated in
Paumard et al. (2003).

In the present paper, the gas content in the inner region of
the GC is presented and analyzed from high spectral resolu-
tion data cubes on the Brγ and the He  2.06-µm line, obtained
with BEAR. The He  data are from a new data cube (larger

field, improved spectral resolution) compared to the data used
in Paper I. A multi-component line fitting procedure applied
to the emission-line profiles in each point of the field is de-
scribed in Sect. 3. It was used first on the Brγ cube and then on
the He  cube. From this decomposition in Brγ, the identifica-
tion of defined gas structures comprising the whole Sgr A West
ionized region is presented in Sect. 4. A comparison between
the decompositions in Brγ and He  is presented in Sect.4.3.
Attempts to adjust Keplerian orbits to the flowing gas are pre-
sented in Sect. 5, which contains in Sect. 5.5 a discussion of
the implication of these identifications for the formation and
the lifetime of the inner ionized gas.

2. Observations and preparatory data reduction

The 3-D data analyzed in the paper were obtained during two
runs with the BEAR Imaging FTS (Maillard 1995, 2000) at the
f/35 infrared focus of the 3.6-m CFH Telescope. In this mode, a
256×256 HgCdTe facility camera is associated with the FTS, in
which several narrow-band filters are selectable. Two of them
were used, one which contains the Brγ line (4616.55 cm−1,
bandpass 4585 – 4658 cm−1) and the other one centered on
the He  line at 4859.08 cm−1 (bandpass 4806 – 4906 cm−1).
The field of view of the instrument is circular, with a diameter
of 24”. The Brγ data were acquired in July 25, 26, 1997 (UT)
by observing two overlapping fields in order to cover most of
a field of 40′′ × 28′′, oriented in the East-West direction, cen-
tered on the position of Sgr A? (Fig. 1). The raw data consist
of cubes of 512 planes with an integration time of 7 s per im-
age. From the maximum path difference which was reached,
the corresponding limit of resolution (FWHM) in velocity is
equal to 21.3 km s−1.

On the following night a single field centered on Sgr A?

was recorded with the 2.058 µm He  filter. The analysis of
the later high resolution data was reported in Paper I, which
brought new results on the central cluster of massive, hot stars,
and led to the detection of the Minispiral in helium. However,
the field was not large enough for a significant areal coverage of
the Minispiral. New observations through the same filter were
therefore obtained on June 9, 10, 11, 2000 in order to get three
overlapping circular fields covering, when merged, most of a
total field of 36′′×36′′, also centered on Sgr A?. The estimated
width of the interstellar 2.058-µm line in Paper I called for an
improved spectral resolution. A value of ' 50 km s−1 (exactly
FWHM 52.9 km s−1) was chosen instead of 74 km s−1 in the
previous data, not as high as for Brγ, since the line is weaker.
The raw data consist of cubes of 401 planes with an integra-
tion of 20 s per image, double the time for the previous data, to
improve the detection depth.

The processing of the BEAR data was presented in Paper I;
the main steps are standard cube reduction, atmospheric OH
correction and correction of filter transmission and telluric ab-
sorption — particularly important for the 2.06-µm data. The
OH correction was more difficult for the Brγ data and for the
new He  data because of the higher spectral resolution and the
better signal-to-noise ratio, making the OH lines stronger and
the sidelobes of the profile more extended. The next step is the
generation of the line cubes, spectral cubes in which the con-
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Northern Arm

Eastern Arm

Bar

Minicavity

+
SgrA*

Fig. 1. Three color image of the two mosaicked fields of Sgr A West
observed with BEAR in Brγ, between −350 (purple) and +350 km s−1

(red). The standard bright features, Northern and Eastern Arms, Bar,
and the Minicavity, are indicated. Also, a few emission line stars show
up as bright points in the image.

tinuum level in each point of the field is fitted and subtracted,
in order to keep only the emission lines. The separation of stars
and gas was not applied to the Brγ cube since the interstellar
medium (ISM) dominates the Brγ emission. It had to be ap-
plied to the He  data, as explained in Paper I. The merging of
the line cubes from different data acquisitions required a new
procedure to generate the final line cube of the full field. As
an illustration, Fig. 1 was obtained from the Brγ merged cube
with cubeview for Yorick, a port to the Yorick interpreted lan-
guage of the facility program specially developed under IDL to
examine the BEAR data cubes (Maillard 2000).

The Brγ line cube is dominated by the emission from the in-
terstellar medium (ISM), but a thorough inspection with cube-
view shows that some stars exhibit the Brγ line in emission
(Fig. 1). On the contrary, in the He  line cube the stellar emis-
sion from the hot stars predominates (Paper I), but the ISM
emission is clearly detected too, with a better contrast, thanks
to the higher spectral resolution.

The central parsec was observed with NICMOS cameras
onboard HST, during a few runs between Aug. 1997 and Aug.
1998, in 6 near-IR filters, including 2 narrow-band filters,
F187N centered on 1.87 µm Paα, and F190N, the nearby con-
tinuum. By subtracting the F190N filter from the other one,
Paα emission was obtained on a field of 19′′ × 19′′ centered on
Sgr A? (Stolovy 1999, Scoville et al. 2003) at a spatial resolu-
tion of 0.18′′, and a wider field of ' 120” at a lower resolution
of ' 0.4′′. We use an image covering the central 40′′×40′′ field
from these data for the purpose of comparison, in Fig. 12.

3. Structure identifications

At each point of the field the Brγ emission profile generally
appears complex. The basic assumption which is made is that
each observed profile results from the combination of several
velocity components, that is, that along any given line of sight
several flows are superposed. The first goal of the present paper

is to separate these various flows and to describe them indepen-
dently from each other. For this purpose, the development of a
multi-component line fitting procedure able to work on 3D data
appeared to be absolutely required. From a coarse examination
of the datacube with cubeview, fitting with a maximum of four
distinct velocity components along each line of sight seemed
adequate.

A comparison of the velocity components from one line of
sight to the next should usually reveal coherent velocity struc-
tures by continuity. In the end, it might be possible to conclude
whether these structures are isolated, or form continuous flows.
Thus, the process is split into two main parts: first the line pro-
file decomposition at all the points of the field, and second,
the structure identification. However, these two steps must be
conducted iteratively in order to take full advantage of the 2D
information in the cube. This work is based on original soft-
ware developed by Miville-Deschênes (personal communica-
tion), which we have largely extended.

3.1. Line profile decomposition

3.1.1. Line profile

A single velocity component of the emission lines from the
ISM has been assumed to be Gaussian, given as a function of v
by :

I(v) = I0 exp
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where I0 is the amplitude of the Gaussian expressed in erg ·s−1 ·
cm · pixel−1 (1 pixel = 0.125 arcsec2), v0 is the radial velocity
of the component, and Σ the width of the line, due to thermal
agitation, turbulence and any velocity gradient along the line of
sight. The total flux per pixel of the line is then:

φ =
√

2π
ΣI0σ0

c

where c is the velocity of light and σ0 the rest wavenumber of
the studied line. The full width at half maximum (FWHM) of
the line is given by:

FWHM = 2Σ
√

2 ln 2

The detected spectrum is convolved by the instrumental
line shape (ILS) of the FTS, which is by definition a sinc func-
tion defined by:

ψ(v) =
sin π δm

vσ0
c

π δm
vσ0

c

where δm is the maximum path difference between the two arms
of the interferometer, that determines the limit of resolution dσ
of the data with dσ = 0.6/δm (FWHM).

The measured line profile is thus the convolution product
S = I ∗ ψ, function of three free parameters I0, Σ and v0. Each
single spectrum of the field has been fitted to a set of four such
lines, thus implying twelve free parameters.
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3.1.2. Procedure

The fitting routines use MPFIT1, a general purpose fitting en-
gine written in IDL. It has been prefered to the standard IDL
fitting procedure because of its greater robustness and because
of its versatile interface that allows one to set complex con-
straints on the variables. The whole procedure is divided into
several steps, detailed below.

Preparation: As for any fitting routine, a reasonable initial
guess must be provided for each point of the field. For such
a problem, where we intend to fit complex line profiles at
low signal-to-noise, the method cannot be fully automatic.
The method consists of determining an initial guess only
for a few points, and letting the software determine initial
guesses for the other points from these, as we will see in
the next paragraph.
Good initial guess are chosen for a few starting points in the
field, selected by the user for their high signal-to-noise as-
sociated line profiles and unambiguous decomposition. The
user decides the optimum number of starting points and
their locations. However, they should be chosen so that ev-
ery structure in the field is represented, and the most com-
plex regions are better fitted if they are close to a starting
point. In our case, five starting points were used.

Step 1: From the starting points, a first procedure attempts to
fit a four-component line shape function to each spectrum.
For each new spectrum, the initial guess is determined from
the results found for the neighboring points. The spectra
are studied sequentially in parallel spiral-mode scannings
around each starting point. Except for the initial guess, the
fitting of a spectrum is independent of all the others.

Step 2: The velocity structures are then built. For the brightest
point of the field, the neighbors are examined, and searched
for a component such that the velocity gradient between
the point of interest and this neighbor is less than a certain
amount, which is set by the user at runtime. The procedure
is iterative, and once a few neighbors have been selected
into a structure, their neighbors are in turn examined for
possible selection. The procedure stops when every com-
ponent of every point of the field has been assigned to ex-
actly one spatial structure. This procedure allows only one
component of a given point to be selected into a given struc-
ture. A structure that overlaps itself spatially, thus causing
two velocity components on the same line of sight, cannot
be directly detected as such: the program splits it into two
structures.

Step 3: This procedure requires that the detected structures be
manually inspected. The user has then the possibility to add
some more common sense heuristics into the structure iden-
tification, a little difficult to implement but easy to apply
manually. Several problems can occur:

– during step 1, the fitting procedure might fit only one
component where two blended components are indeed
more appropriate,

– during step 2, if two overlapping structures intersect
each other in the α–δ–velocity space, the procedure can

1 http://cow.physics.wisc.edu/˜craigm/idl/fitting.html

Table 1. Common names of the narrow (N) and broad (B) line stars
drawn on Fig 3 (see Paumard et al. 2003, and references therein).

ID Name ID Name ID Name
N1 IRS 16NE B1 ID 180 B7 AF
N2 IRS 16C B2 IRS 7E2 B8 AFNW
N3 IRS 16SW B3 IRS 9W B9 HeIN3
N4 IRS 16NW B4 IRS 15SW B10 BSD WC9
N5 IRS 33SE B5 IRS 13E2 B11 IRS 29N
N7 IRS 34W B6 IRS 7W B12 IRS 15NE

B13 IRS 16SE2

falsely cross-connect them, i.e. reconstruct two struc-
tures, each one being made of parts of both physical
structures (Fig. 2).

Step 4: Then, these manually corrected results are used to per-
form a second fit at each point of the field; at this point, 2D
information is entirely included in the initial guess provided
to the fitting procedure.

Iteration: Steps 2, 3 and 4 must be iterated a number of
times, until a stable set of plausible structures is reached.
“Plausible structures” means only that the structures are
more extended than the spatial resolution, and brighter than
the detection limit of the data.

4. Results

4.1. General description of the results

The analysis described above leads to a vision of the Minispiral
more complex than usually thought, one which is consis-
tent with, but more detailed than the description proposed by
Vollmer & Duschl (2000). After a careful examination we iden-
tify 9 components of various sizes, labeled (a) to (i). The radial
velocity maps of the structures are presented in Appendix A,
and their flux maps in Appendix B. Two types of velocity map
appear, some with a significant overall velocity gradient, oth-
ers without any appreciable, large-scale velocity gradient. The
deviation from mean motion, defined as the local difference be-
tween the velocity measured at one point and the mean value
for the neighboring points, and divided by the uncertainty,
ranges from roughly one tenth to ten for all the features, which
means that every velocity structure shows significant (over 3 σ)
local features.

The areal size of the structures (Table 2), expressed in terms
of solid angle covered on the sky, ranges from 17 arcsec2 to
300 arcsec2 for the part of the Northern Arm that is visible
in the BEAR field of view. The surface area of each structure
must be considered as a lower limit because BEAR may not de-
tect the weakest parts nor parts where blending with a brighter
structure in the spectral domain prevents detection, and because
the field of view does not cover the entire Minispiral.

4.2. Morphology of the ionized gas in Sgr A West

A brief description follows for each identified velocity struc-
ture whose velocity maps are given in Figs A.1 to A.9. Table 2
gives the surface coverage on the sky (within the BEAR field
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Fig. 2. Cross-connection problem. Left: two physical structures (solid and dashed polygons) intersect each other in the α–δ–velocity space.
Right: the structures reconstructed by the software can be erroneous.
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Fig. 3. Left: outline of every structure. The region filled in black corresponds to the points where two lines associated with the Northern Arm
are detected (see text). Filled diamonds (resp. empty squares) represent narrow (resp. broad) line helium stars. Right: IDs of the helium stars
(adapted from Paumard et al. 2003). See Table 1 for common names identification.

of view), and the maximum and minimum velocity within the
given structure.

a) Northern Arm: Contrary to its standard description, the
Northern Arm is not seen here as a bright N-S lane, but
as an extended, triangular surface. One edge of this triangle
is the bright rim generally noticed, but it extends all the way
over to the Eastern Arm. The third edge of the triangle is the
edge of the field, so viewing this feature on a larger field
may yield a somewhat different description. As it reaches
the Minicavity, the Northern Arm is split into two layers in
the spectral direction. Both layers are clearly detected only
for a few adjacent pixels (14), that correspond to the small
finger-looking feature north-east of the Minicavity. The
main layer contains all the Minicavity, while the second
layer seems to be deflected northward of the Minicavity,
and forms the small finger between the two helium stars

IRS 16SW (N3) and IRS 33SE (N5, Fig. 3). It extends fur-
ther away on ' 5′′ to the north-west, and contains the point-
like feature just above the aperture of the Minicavity. On the
few pixels where both features are detected, the secondary
layer is 50–80 km s−1 more blueshifted than the main one.
On the velocity maps, both layers are drawn, indicating the
velocity of the secondary one for the few points were both
are detected. The flux map gives the sum of the two layers.
The direction of the Northern Arm motion (from north to
south) has been established by Yusef-Zadeh et al. (1998).
The kinematics of the Northern Arm will be thoroughly
studied in Sect. 5.

b) Bar: The Bar is the most complex region, where at least
three components are superimposed. The most important
feature is very extended – from the Ribbon of the Eastern
Arm (c) to the Western Arc (e) – is very straight, and shows
a smooth overall velocity gradient. Vollmer & Duschl
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Table 2. Feature identifications, with surface areas (pixels and square arcseconds), and minimum and maximum radial velocities (km s−1).

ID Feature name S (pix) S (arcsec2) Vmin Vmax
a Northern Arm 2414 300.8 -286.9 188.9
b Bar 1389 173.1 -211 196.9
c Ribbon 833 103.8 132.9 242.9
d Eastern Bridge 670 83.5 34.9 182.9
e Western Arc 471 58.7 -37.1 74.9
f Western Bridge 327 40.7 -121.1 100.9
g Tip 207 25.8 222.9 339.0
h Northern Arm Chunk 185 23.1 14.9 74.9
i Bar Overlay 136 16.9 -267.0 -7.1

(2000) mention two complementary components of the
Bar, which they call Bar 1 and Bar 2, though their descrip-
tion is not sufficient to determine precisely the positions
of these two suggested components. We see two additional
features, which we propose to call the Western Bridge (f)
and Bar Overlay (i). Parts of the Bar are also superimposed
on almost every other structure, including the Ribbon of the
Eastern Arm (c), the Tip (g), the Eastern Bridge (d) and the
Northern Arm (a).

c) Ribbon: As already described by Vollmer & Duschl (2000),
the Eastern Arm region is split into two parts: a Ribbon and
a Tip (g). The velocity gradient of the Ribbon is directed
along the minor axis of the structure, not along its major
axis as expected for a flow.

d) Eastern Bridge: A structure of medium size extends from
the Ribbon (c) to the bright rim of the Northern Arm. It
does not show any large-scale velocity gradient, and its
shape does not show any principal axis that would indi-
cate a flow. It is superimposed on the faint regions of the
Northern Arm, and partly superimposed on the Ribbon, the
Bar and the Tip. Its southern side is parallel to, as well
as superimposed upon, the Ribbon; the two structures are
probably related, although their relative velocities differ by
more than 50 km s−1. The name we propose is based on
the fact that it lies between the two Arms of the Minispiral,
both in the spatial and spectral dimensions, being hard to
distinguish in the spectral dimension from the Ribbon on
its southern side and from the Northern Arm on its northern
side. It is also inspired by the fact that the most luminous
part of it in our field is a small vertical bar, seemingly con-
necting the bright parts of the Northern and Eastern Arms.
However, the Paα map (Fig. 12) shows that this bar may
extend outside our field-of-view into an elongated feature
parallel to the Ribbon. The lack of an overall gradient in
the velocity map suggests that this feature is not much af-
fected by shear.

e) Western Arc: The Western Arc lies just at the edge of the
field, so we have access only to its innermost part. It is seen
as a rather simple feature, with large scale velocity gradi-
ent. It is superimposed on the Western Bridge on a few pix-
els. The velocity field that we measure is basically in good
agreement with that of Lacy et al. (1991).

f) Western Bridge: The Western Bridge is a tenuous, elongated
feature oriented east-west and extending from the Bar to

the Western Arc. This structure, as well as the Bar and the
Bar Overlay (i) upon which it is superimposed, contains in
projection the helium star IRS 34W (N7, Fig. 3.

g) Tip: The Tip is, in projection, a very concentrated and rel-
atively small object with the most redward velocity in the
region (' 300 km s−1). The Tip has already been noticed
by Vollmer & Duschl (2000) only on a morphological ba-
sis, as a finger-looking feature of the Eastern Arm in their
three dimensional data. Here, we see that the Ribbon and
the Tip are two distinct features, superimposed on the line
of sight, thus we do not adopt the representation-dependent
denomination “Finger”. At the elbow between the Ribbon
and the Tip, in the IRS 9W region, is a bubble-like feature,
or a Microcavity (radius ' 1′′), with a rather bright rim
(Fig. 4), which appears at a specific velocity (230 km s−1).
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Fig. 4. Microcavity feature in the region of IRS 9W, represented by the
black cross. Axes are offsets from Sgr A?. Integrated velocity range:
220–240 km s−1.

h) Northern Arm Chunk: A small tenuous structure is seen su-
perimposed on the Northern Arm, a few arcseconds north
of IRS 7. It lies at the edge of our field, so it could extend
further out; however the Paα image shows a small, horizon-
tal bar at its location, crossing the bright rim of the Northern
Arm, that does not seem to be much extended.
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i) Bar Overlay: The Bar Overlay looks like a small cloud that
is superimposed upon the western region of the Bar and
that shows a velocity gradient similar to the one of the main
Bar at the same location, with an offset of ' −40 km s−1.
It may indicate that these two features are closely related.
They could, for example, be the two faces of a single neutral
cloud, ionized by two distinct UV sources.

In our nomenclature, no feature is named Eastern Arm .
This is because the region is far too complex, and calling one
of the feature by this historical name would lead to confusion,
thus we reserve this name to the entire region, which indeed
comprises the Ribbon, the Tip, and the Eastern Bridge. As al-
ready discussed, the Tip and the Ribbon seem to be two parts
of an entity, separated by the Microcavity. The Eastern Bridge
seems related to this entity, it may belong to it, or be interacting
with it.

4.3. Comparison with He  data

The same work of decomposition into velocity structures has
been performed on the He  data. It was more difficult than for
the Brγ data since the spectral resolution and signal-to-noise
ratio are lower. The fact that the He  data are dominated by the
emission from the helium stars also contributes to the greater
complexity of this task. Thus we skipped the first step of the
decomposition process, and provided directly a complete set of
initial guesses based on the Brγ results, since at first sight the
distribution of ionized gas is globally the same in He . This
method prevents the He  analysis from being fully indepen-
dent, although steps 2, 3 and 4 were performed eight times,
until the procedure converged satisfactorily.

The Minispiral is detected, as are all of the individual struc-
tures, except the Northern Arm Chunk. However, as will be
detailed below, several differences in the appearance of these
structures are noticeable. In order to quantify these differences,
we have built [He ]/[Brγ] line ratio maps for each structure,
normalized to the areal mean for this ratio over the union of
all the structures. The [He ]/[Brγ] line ratio varies consider-
ably across the field, so that, for instance the Northern Arm
bright rim and the Minicavity do not show the same shape in
He  and Brγ (Fig. 5). These differences will be detailed later.
Table 3 shows the mean normalized [He ]/[Brγ] line ratio for
the different structures. It appears that this ratio is lower than
the mean value for the main, well known features the Northern
Arm, The Ribbon, the Bar and the Western Arc, and higher for
the smaller features. However, the values are computed only for
the features detected in both Brγ and He , so they do not take
into account the faintest, least excited regions of each feature.
Below are summarized the most noticeable differences between
the He  and Brγ images of the Minispiral structures.

a) Though the Northern Arm remains the most prominent fea-
ture of the Minispiral, the mean value of its normalized
[He ]/[Brγ] line ratio (Minicavity excluded) is one of the
lowest, with a value of ' 0.74, being only higher than
the value measured for the small part of the Western Arc
that we detect. Considering that the faintest parts of the

Table 3. [He ]/[Brγ] for the different structures, relative to the mean
value <[He ]/[Brγ]>. The Minicavity is separated from the Northern
Arm, as it warrants special attention.

ID Feature name [He ]/[Brγ]a

a Northern Armb 0.74
Minicavity 0.85

b Bar 0.99
c Ribbon 0.78
d Eastern Bridge 1.09
e Western Arc 0.52
f Western Bridge 1.73
g Tip 2.64
h Northern Arm Chunk –
i Bar Overlay 1.81

a normalized to its mean value
b except Minicavity
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Fig. 5. Comparison between integrated flux in Brγ (grey scale) and
He  (empty contours). Axes are offsets from Sgr A? in arcsec.

Northern Arm are not detected in He , this value may be
even smaller. The line ratio is higher on the western side of
the bright rim, and this rim has in He  the shape of a part
of a circle surrounding the IRS 16 cluster. This circle con-
tinues further to the northwest, forming a rather faint horn
at the location where, in Brγ, the rim bends abruptly (5′′ to
the north and 5′′ to the east of Sgr A?, spot C on Fig. 12).
The open ring of ionized gas surrounding the Minicavity
is on average brighter in He  then the rest of the Northern
Arm relatively to the intensity distribution in Brγ. Its in-
nermost border is even brighter. Its western edge, where
IRS 13 and IRS 2 lie, is very bright, and looks like a verti-
cal bar going from IRS 13 almost to the declination of the
AF star, making the Minicavity look angular.

b) The Bar is the main feature with the highest [He ]/[Brγ]
ratio, with a normalized value of 0.99. However, we do not
detect helium towards the full extent of its Brγ counterpart.

d) The Eastern Bridge (Fig. 6) is clearly identified, but it
presents a shape much different from the one observed
in Brγ. It is brighter on its southern side, and the north-
ern parts are not detected by the procedure. The southern
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Fig. 6. Composite image of the Eastern Bridge, from images integrated
from 50 to 100 km s−1 in the Brγ (red) and He  (blue) cubes.

parts extend horizontally, following the edge of the Eastern
Arm Ribbon upon which it is superimposed, with a veloc-
ity offset between the Eastern Bridge and the Ribbon of
about -50 km s−1 (measured in Brγ, but the agreement in
good between the two lines), which again suggests that the
two features are related. The bow-shaped bright rim of the
structure, which is almost vertical and give its name to the
Eastern Bridge, is offset by about 1′′ towards west in He 
relatively to Brγ.

e) A small part of the Western Arc is detected within our field;
its [He ]/[Brγ] value is the smallest, but only a few points
are detected both in He  and Brγ.

g) Due to the lower spectral resolution of the He  data
(52.9 km s−1, vs. 21.3 km s−1 in Brγ), the Tip is not sep-
arated from the Ribbon by our procedure in this band.
However, it is clearly seen. It is the brightest feature rel-
ative to its Brγ counterpart, with a normalized line ratio
of ' 2.64. The line ratio is also noticeably brighter on its
southwestern edge than on its northeastern edge, which is
not detected in He  by the decomposition procedure. The
Microcavity is also observed in He .

4.4. Absorption by the structures

One of the most difficult questions concerning the ionized fea-
tures is to find out their relative positions, i.e. when two struc-
tures are overlapping, which one is closer to the observer. On
two occasions, the flux maps (Appendix B) can be used to find
this information.

The flux map of the Northern Arm shows a region of low
intensity, which north-western boundary is a well defined line,
approximately north-east/south-west. This limit between a re-
gion of low intensity and a region of high intensity is most
obvious south of IRS 1 and west of the Minicavity. This line
follows very closely the outline of the Eastern Arm. This gives
us two pieces of information:

– the Northern Arm is behind the Eastern Bridge on the line
of sight;

– the Eastern Bridge contains a substantial amount of dust,
responsible of the absorption of about 50% of the Brγ flux
of the Northern Arm.

The flux map of the Bar is less smooth than that of
the Northern Arm, making such effects more difficult to
see. However, on this map, the characteristic shape of the
Minicavity is clearly identified in absorption. Again, that tells
us that the Bar is behind the Northern Arm on the line of sight.

5. Keplerian orbit fitting

The velocity maps show a view of the features very different
from the usual flux maps which, by themselves, can be mislead-
ing. For instance the morphology of the Northern Arm with its
typical bright rim may lead one to think of this rim as the true
path for most of the material. On the other hand, the velocity
map shows no peculiar feature at the location of the rim. This is
particularly intriguing for the location where it appears to bend
abruptly, just a few arcseconds north of IRS 1 and east of IRS 7
(spot C on Fig. 12). Thus we are led to the idea that the kine-
matics of the Northern Arm should be studied independently of
its intensity distribution.

5.1. Fitting one orbit on a velocity map

As a first attempt at using the information contained in the
new tools that are the velocity maps, we tried to analyse the
Northern Arm as a Keplerian system. For a first, simple ap-
proach, we created a dedicated IDL graphical package called
GuiMapOverlay (Fig. 7). With this tool, the user can easily
adjust one Keplerian orbit over a velocity map, the location
and mass of the central object being those of Sgr A? (position
of Sgr A? relative to IRS 7 from Menten et al. 1997, position
of IRS 7 relative to the other stars of the field from Ott et al.
1999 and a distance of 8 kpc). The central mass is still a mat-
ter of debate. We have used a value of 3 106 M� (Genzel et al.
2000, Ott et al. 2003 give a value of 2.9 × 106 M�) for most of
our models. We will discuss the impact of changing this mass
later. A Keplerian orbit in 3D is defined by five orbital parame-
ters: the eccentricity, two angles defining the orientation of the
orbital plane, the periapse (distance of closest approach to the
center of motion), and a third angle defining the position of the
periapse.

Once the user is almost satisfied with the orbital parame-
ters found by trial and error, an automatic fitting procedure can
be called. It is possible to fix parameters, and the orbit can be
forced to go through a selected constraint point by tying the
periapse to the other parameters. After a few experiments with
this tool, we are led to some general conclusions:

– good agreement can be found between observed and calcu-
lated velocities, except in the region of the Minicavity;

– this model alone is not sufficient to decide whether the or-
bits are bound or not, or whether the data are compatible
with elliptical, parabolic, or hyperbolic motion.

The second of these points is not satisfactory, as one of the most
interesting questions is to decide whether the gas is bound.
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Fig. 7. GuiMapOverlay: given a set of orbital parameters, this tool
draws the path of the corresponding Keplerian orbit on a velocity map,
extracts the observed velocities along this path, and plots both the ob-
served and computed velocity curves. The <χ2> is also computed and
shown.

Nevertheless, the first point convinced us to carry on Keplerian
modeling. So, we attempted to model the Northern Arm with
several orbits instead of only one.

5.2. Fitting a bundle of orbits on a velocity map

To fit several orbits at a time on a velocity map, the differ-
ent orbits must be forced to be actually different. That can be
done by forcing each one to pass through a different constraint
point, as explained in the one orbit case. Obviously, the con-
straint points themselves must be chosen on different physical
orbits. We have chosen to take the constraint points aligned
across the gas lane, evenly spaced in projection on a line that
passes through Sgr A?. We have tried two different such con-
straint lines (Fig. A.1), and found consistent results. The result
described here uses 50 constraint points, evenly spaced on the
solid line of Fig. A.1. Each constraint point is given an index,
increasing from the point nearest Sgr A? outwards, that is used
to refer to a given orbit.

To ensure a smooth model – we are interested only in the
global motion – the four functions that map each constraint
point to one of the parameters have been chosen to be de-
scribed as spline functions, uniquely defined by their value at a
number of control points, chosen among the constraint points.
The number of points used to define the spline function can be
freely chosen to set the spatial resolution of the model. After
several attempts, we have chosen to fix this number to four in
our final model. Thus, having four functions (one for each of
the orbital parameters), each of them being defined by four val-
ues, the model depends on sixteen parameters.

We designed a fitting procedure to adjust this model based
on the observed velocity map by minimizing the reduced<χ2>.
Thus, it becomes possible to either fix some parameters, or to
force them to have the same value for each orbit. This way, for
example, it is possible to check whether the observed velocity
map is consistent with coplanar orbits or with uniform eccen-

tricity. To avoid studying only local minima in the parameter
space, it is also important to use several initial guesses.

5.3. Homothetic hypothesis

We designed a tool quite similar to GuiMapOverlay to easily
study whether the data are consistent with a homothetic2 set of
orbits, which is the simplest model.

With the hypothesis of a homothetic set of orbits, the ec-
centricity still cannot be well constrained. Bound orbits seem
to be preferred, but the agreement is as good with circular or-
bits and very eccentric orbits, close to parabolic. The residual
map always has the same shape: the observed velocities are
always smaller than the computed ones along the inner edge
of the bundle of orbits, and higher along the outer edge. The
global agreement is always poor, with <χ2>1/2' 70.

5.4. General case

A few of these homothetic models have been chosen as ini-
tial guesses for other adjustments, with released constraints. It
is first interesting to check the coplanar hypothesis, in which
only the two parameters that define the orbital plane are kept
uniform, and the uniform eccentricity hypothesis. The agree-
ment is much better when making either the eccentricity or the
orbital plane free. In the following, both parameters are free.

Even with the most general situation, the parameters are
still not constrained enough to decide whether the orbits are
all bound or not, to extrapolate the model outside the field of
view, nor even to derive reliably the direction of proper motion.
However the models share a few characteristics that we judge
to be robust because of their repeatability:

1. the orbital planes are close to that of the CND;
2. the orbits are not quite coplanar; the two angles that define

the orbital plane vary over a ' 10◦ range;
3. the eccentricity varies from one orbit to another, being close

to parabolic or above for the innermost orbits, and closer to
circular (below ' 0.5) for the outermost.

5.5. 3D morphology and time-scale of the Northern
Arm

We present here our best model, i.e., the one with the low-
est < χ2 >1/2 among the realistic models that cover most of
the Northern Arm. The laws used for this model are shown
in Fig. 8. The agreement between the radial velocity map
of this model and the observed velocity map is good: <
χ2 >1/2= 26. The method is unbiased, and the mean error
in the radial velocity from this model is 10 km s−1, as esti-
mated from Fig. 9. A 3D velocity map of the Northern Arm
from this model is available online in FITS format at CDS
(http://cdsweb.u-strasbg.fr/). It consists of one map
for each 3D component of the velocity in km s−1 (Fig. 10), and

2 Two orbits are said to be “homothetic” when they are identical
except for their scale, i.e. when they share the same orbital parameters,
except the periapse distance.
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Fig. 8. These five plots show the laws of each
of the five orbital parameters in our best model.
All laws are cubic spline functions of the orbit
index (see text), except the periapse, which is
derived from the other parameters to bind each
orbit to its constraint point. The filled region
corresponds to the 1σ error bars. The errors are
always much smaller for the outermost orbits
than for the innermost, because less points are
available for determination of the shorter, inner
trajectories.

Fig. 9. Histogram of the radial velocity difference between our model
and measurement; it is close to a Gaussian distribution centered on
zero with σ = 10 km s−1. That means that the method is unbiased, and
that the mean error is 10 km s−1.

one map giving the distance to the observer for each point of
the field (offset from center of mass in equivalent arcseconds,
Fig. 11).

The variations of the orbital parameters induce a particu-
lar 3D shape for the Northern Arm (Fig. 12): for all the non-
coplanar models, the Northern Arm looks like a warped sur-
face, and this warping induces a crowding of orbits that closely
follows the bright rim of the structure. That suggests that the
Northern Arm is either a warped planar structure, or the ion-
ized surface of a neutral cloud. The bright rim itself is not only
due to the stronger UV field and a real local enhancement of
the density, but also to an enhancement of the column-density
due to the warping. An interesting point is that, in some mod-
els, no orbit follows the bright rim, which emphasizes that it is
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Fig. 11. Elevation map for the detected part of the Northern Arm from
our model, given in equivalent arcseconds for homogeneity. dd stands
for differential of the distance, positive dd means further away from
the observer than the center of mass, Sgr A?, at dα = 0, dδ = 0,
dd = 0.

really important to consider the dynamics independently from
the morphology of the Northern Arm. Another characteristic
present in all the models is that the period of the orbits ranges
from a few 104 years to a few 105 years, which implies that
the Northern Arm would have a completely different shape in a
few 104 years, and cannot be much older than that time-scale.

Since the agreement in radial velocity is now rather good,
it makes sense to look at the deviations from global motion by
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Fig. 10. 3D velocity map for the Northern Arm from our model. The arrows show the derived tangential velocities.

looking at the extended features on the residual velocity map
(Fig. 12):

A) the flow shows a rather significant deviation in the region
just southwest of the embedded star, IRS 1W; this pertur-
bation could be due to the interaction with this star’s wind;

B) the region of this model closest to the Minicavity is per-
turbed;

C) another deviation is seen at the precise location where the
bright rim bends abruptly, just east of IRS 7E2;

D) finally, an elongated feature is seen on the fainter rim com-
ing from IRS 1W towards the northeast.

This best model uses a central mass of 3 × 106 M�. It
has been used as the initial guess for a final adjustment using
4 × 106 M� (Ghez et al. 2003). With this value of the central
mass, every remark made above is still valid. The <χ2> is not
changed significantly, so that this work cannot help measuring
this mass. The most noticeable difference is that the error bar
for the innermost orbit is two times smaller, and is not compat-

ible with elliptical (bound) motion anymore. Thus, the exact
value of this parameter is very important to confirm whether or
not some of the Northern Arm material is on unbound orbits.

5.6. The Minicavity

The Minicavity is seen as low intensity level in the Northern
Arm flux map. However, material of this structure is detected
on the line of sight of this region. Even at that location, mostly
devoided of ionized gas, the velocity map of the host struc-
ture is essentially that of a flow. However, though it is not
obvious on the velocity map of the Northern Arm, a pertur-
bation of the motion is detected there. Our Keplerian model
does not pass through the Minicavity, but just south of it.
However, this model does not include the outermost regions
of the Northern Arm. These regions are those with the most
circular motion, that is essentially east-west within our field.
So the material from these outermost regions may well pass
closer to the Minicavity, or even through its projected location.
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Fig. 12. On this Paα map (Scoville et al. 2003), one of the Keplerian
models is overplotted (top panel). This one is quite consistent with the
Northern Arm and the Western Arc being related structures. On the
bottom panel, the most significant deviations from Keplerian motion
discussed in the text are labeled A to D, and indicated as filled contour.

However, even though the velocity map inside is essentially
that of a flow rather than that of an expanding bubble, the ve-
locity field is highly perturbed, and a good fit with Keplerian
motion must not be expected for this region.

The well-known shape of the Minicavity comprises a bright
spot coincident with IRS 13E on the northern end of its west-
ern edge. This bright spot is not seen in the flux map of the
Northern Arm, Which contains the Minicavity. It is first due to

emission from IRS 13E, clearly detected both in He  (Paumard
et al. 2001), but also in Brγ (Maillard et al. 2003). However,
the flux map of the Bar peaks sharply on the same line of sight.
This seems to show that the compact star cluster IRS 13E ex-
cites locally material in the Bar, and must be either embed-
ded in it, or very close to it. However, coincidence between
the bright spot at this location and the end of the western edge
of the Minicavity seems to be a projection effect, and nothing
physical.

The last fact worth noting concerning the Minicavity is the
small finger-looking feature at the north of its eastern side.
As already discussed Sect. 4.2, two velocity components are
detected at this feature. Both connect continuously with the
Northern Arm in velocity. From their velocity, it seems that
this finger is deflected by the Minicavity towards the north and
towards the observer.

6. Discussion

The geometry of the Northern Arm has been studied from its
velocity map, leading to the conclusion that it may not be a pla-
nar structure, but rather a three-dimensional structure. Fig. 12a
is quite compatible with the Northern Arm indeed being the
ionized surface of a neutral cloud (as suggested by Jackson
et al. 1993; Telesco et al. 1996). This figure also suggests that
the Northern Arm and the Western Arc may be two parts of the
same physical structure. The velocity derived from the model
agrees with the measured velocity of the Western Arc with
' 50 km s−1 (which is reasonable since its an extrapolation)
and has the right gradient. However, this coincidence is lost
when a central mass of 4 × 106 M� is used. However, the ad-
justment is not made over the entire Northern Arm, since our
field of view is limited. The same study on a complete map of
the Northern Arm would probably reveal whether it is bound,
and whether the Northern Arm and Western Arc are one same
physical feature. The tangential velocity field of the Northen
Arm (Fig. 10) is interestingly similar the magnetic field derived
by Aitken et al. (1998). We agree with them that this seems to
imply that even if the Northern Arm is part of a cloud stretched
by the tidal forces from Sgr A?, its dynamics is sufficiently
Keplerian for the magnetic field lines to get aligned with the
velocity.

We have shown that at least two structures are thick, dusty
clouds, because their absorption factor is of the order of sev-
eral 10% at 2 µm: the Eastern Bridge and the edges of the
Minicavity in the Northern Arm. From the wider field in Paα,
we can assume that the Eastern Bridge is an elongated cloud,
of which we detect only the western front, that seems to be for-
ward front if its motion is mostly east-west. The lack of shear
inferred from its velocity map can be explained by the fact that
if it is really the forward front of the cloud, then the velocity
field must be perpendicular to its surface.

The presence of three isolated ionized gas structures (the
Western Bridge, the Northern Arm Chunk and the Bar Overlay)
in addition to the standard large flows and to the Eastern
Bridge, that seems to be another flow, has been demonstrated.
Some of these structures may be isolated gas patches, but it is
also possible that some of them are regions of the neutral clouds
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which ionized fronts form the Minispiral, locally excited. For
instance, the Bar Overlay, which velocity map is very similar to
that of the Bar, may be a region belonging to the same neutral
cloud as the Bar, locally excited by IRS 14W. The [He ]/[Brγ]
line ratio is significantly higher for these tenuous features than
for the standard Northern Arm, Eastern Arm and Bar. This ra-
tio is variable across each structure. These variations must be
explained. They can basically have two reasons: first, they can
be the trace of local enrichment of the gas in helium, and sec-
ond, they can be due to local enhancements of the excitation,
either because of a stronger UV field, or because of shocks.

As has already been mentioned in Paumard et al. (2001),
there are about 20 high mass loss stars in the region. A typical
mass loss rate for stars of these spectral types is of the order of
' 10−4 M� yr−1 (Najarro et al. 1994). This material must reside
in the central parsec for a duration similar to the time-scale of
the Northern Arm: ' 104 yr. From these considerations, the
total mass of interstellar gas in the central parsec coming from
the mass loss of these stars must be around a few tens of solar
masses. In the other hand, if the ionized structures are really
the ionized front of neutral clouds, these clouds could have a
mass similar of that of the clouds that form the Circumnuclear
Disk: ' 103 M� each (Christopher & Scoville 2003). Thus,
it is unlikely that interstellar gas of stellar origin contributes
significantly to the enrichment of these clouds.

However, there is a clear correlation between the projected
proximity of gas to the helium stars and the [He ]/[Brγ] line
ratio:

– two of the gas patches detected in both lines having a
high [He ]/[Brγ] ratio are coincident with the helium star
IRS 34W;

– the Bar, which is the main feature with the highest line ra-
tio, is close to the IRS 16 helium star cluster, and contains
the IRS 13E star cluster, which is made of several high-
mass-loss-rate stars (Maillard et al. 2003);

– the Tip, the feature with the highest [He ]/[Brγ] ratio,
seems to be interacting with a star wind through the
Microcavity and is on the same line of sight as the helium
star IRS 9W;

– the differences in the shape of the Northern Arm between
the two spectral lines seem to clearly come from the geom-
etry of the UV field around the IRS 16 cluster.

The discrepancies that are most difficult to explain are the high
brightness in He , in contrast to their relative faintness in Brγ
at the south-western parts of both the Minicavity and the Tip.
However, this part of the Minicavity is rather close in projection
to the AF star, which flux, if this proximity is not only in pro-
jection, could favor He  emission. Finally, our results remain
consistent with a well mixed interstellar material, distributed
in a non-uniform UV field, which exact value at a given point
depends on the 3D localization of nearby hot stars.

In addition to that, a Microcavity has been discovered at
the elbow between the Eastern Arm Ribbon and Tip. It is prob-
ably a new example of interaction between stellar wind or polar
jet and an ISM cloud, similar to the Minicavity. The deviation
from Keplerian motion detected in the Northern Arm’s veloc-
ity map close to IRS 1W is also interesting, as it is probably

due to the interaction of the flow and the wind of this WR star
(Tanner et al. 2003). These interactions show that the dynamics
of the flows must be influenced by the stars, as Yusef-Zadeh &
Wardle (1993) suggested for the wind of the IRS 16 cluster, and
the associated energy dissipation must be taken into account to
finally figure out the accretion rate.

7. Conclusion

The different points discussed above show that the stellar
and interstellar contents of the Galactic Center must be stud-
ied together to better understand them. The 2D maps of the
[He ]/[Brγ] line ratio are in themselves interesting, but we
cannot fully understand them without the complete knowledge
of the 3D distribution of the interstellar material, as the line
strengths are related not only to the relative abundances of the
different elements, but also to the ionizing UV field, which in
turn depends on the distance to the ionizing sources, mainly
the IRS 16 cluster, and on complex shadowing effects from the
multiple ISM components.

The knowledge of the radial velocity field of the Northern
Arm has allowed us to propose a kinematic model, which pro-
vides a three dimensional map of this feature. Having such
maps for all of the ISM features would give us the opportunity
to directly understand the shadowing effects, and to estimate
the UV field that hits these ISM features. In addition to this 3D
map of the Northern Arm, we begin to gain access to the rel-
ative positions of features along the line of sight: the Eastern
Bridge is closer to the observer than the Northern Arm, and the
Bar is behind the Minicavity. It would then become possible to
estimate the helium abundance in the different structures from
their relative line ratios. This in turn would give a clue to the
origin of these structures.

This work has been performed on a field covering most of
the inner parts of the Minispiral. However, repeating the same
analysis on a wider field, containing the Minispiral to its full
extent, would allow to directly check whether the Northern
Arm and the Western Arc are related features. Moreover, ob-
taining the velocity maps of a wider field would allow one
to better constrain the parameters of the Keplerian fit to the
Northern Arm, and may then reveal deviations to the Keplerian
model, due to momentum loss. This would be a very interesting
clue to the accretion process. This scientific program requires a
wide-field spectro-imager with spectral and spatial resolutions
comparable with those of BEAR.
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Appendix A: Velocity maps

We present the radial velocity maps for each identified veloc-
ity structure. Axes show offsets from Sgr A? (represented as a
cross), in arcseconds. To improve contrast, the color scale is not
the same for each map. The binocular-shaped black line shows
approximately the field boundaries.
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Fig. A.1. (a) Northern Arm Velocity map . The black solid line repre-
sents the constraint line (see Sect. 5.2) used for our best model. The
dashed one represents another constraint line, that gave consistent re-
sults. The red contour outlines the region where two lines are detected.
For these points, the bluer velocity, corresponding the the “secondary
layer” (see text), is used. The velocity of the “main layer” for these
points goes from ' −90(north-east) to −180 km s−1 (south-west).
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Fig. A.2. (b) Bar Velocity map
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Fig. A.3. (c) Ribbon Velocity map
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Fig. A.4. (d) Eastern Bridge Velocity map
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Fig. A.5. (e) Western Arc Velocity map
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Fig. A.6. (f) Western Bridge Velocity map
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Fig. A.7. (g) Tip Velocity map
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Fig. A.8. (h) Northern Arm Chunk Velocity map
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Fig. A.9. (i) Bar Overlay Velocity map

Appendix B: Flux maps

Flux map (peak intensity ×width of the line) for each structure.
Black outlines give the full extent of the detected structure, and
field boundaries. Axes are offsets from Sgr A?, which position
is marked by a cross.
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Fig. B.1. (a) Northern Arm flux map. The outline of the Eastern Bridge
is given (dashed line), showing that this structure is superimposed on
a weak region of the Northern Arm (Sect. 4.4).
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Fig. B.2. (b) Bar flux map. A few contours of the flux map of the
Northern Arm are given (dotted lines), showing that the Minicavity
corresponds to a low level region of the Bar (Sect. 4.4).
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Fig. B.3. (c) Ribbon flux map
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Fig. B.4. (d) Eastern Bridge flux map
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Fig. B.5. (e) Western Arc flux map
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Fig. B.6. (f) Western Bridge flux map
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Fig. B.7. (g) Tip flux map
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Fig. B.8. (h) Northern Arm Chunk flux map
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Fig. B.9. (i) Bar Overlay flux map
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Integral field spectroscopy of a roughly 40� ��� 40 � � region about the Galactic Center was obtained at 2.16 ���
(Br � ) using BEAR, an imaging Fourier Transform Spectrometer, at a spectral resolution of 21.3 �	��

��� ,
and a spatial resolution of � 0.5 � � . The analysis of the data was focused on the kinematics of the gas flows
concentrated in the neighborhood of SgrA � , traditionally called the “Minispiral”. From the decomposition
into several velocity components (up to four) of the line profile extracted at each point of the field, velocity
features were identified. Nine distinguishable structures are described: the standard Northern Arm, Eastern
Arm, Bar, Western Arc, as well as five additional moving patches of gas. From this analysis, the Northern
Arm appears not limited, as usually thought, to the bright north-south lane seen on intensity images, but
consists instead of a continuous, weakly-emitting, triangular-shaped surface having a bright western rim,
and narrowed at its forward apex in the vicinity of SgrA � where a strong velocity gradient is observed. The
gravitational field of the central Black Hole can account for both the strong acceleration in this region and
the tidal compression of the forward tip of the Northern Arm. Keplerian orbits can be fitted to the velocity
field of the bright lane, which can be interpreted as formed by the bending of the western edge of the flowing
surface. These results raise questions regarding the formation of the Sgr A West gas structures.

1 Introduction

Within the inner 2 pc of the Galactic Center (GC) lies the Sgr A West region, dominated by ionized gas
which has been detected in the infrared and at radio wavelengths because of high obscuration along the
line of sight. The gas distribution has been observed in infrared and radio emission lines, as well as in
radio continuum (Lacy et al. 1991, Lo & Claussen 1983, Roberts & Goss 1993, Zhao & Goss 1988), and
proper motion of the bright blobs have been derived (Zhao & Goss 1988). All these data show that the
ionized gas in the inner few parsecs of Galactic Center is organized into a spiral-like feature (Fig. 1) with
a number of “arms”, which led to the name “Minispiral” for the entire pattern. The various features give a
spiral appearance primarily because of the way they are superposed on each other. However, a new analysis
of Lacy’s data was conducted by Vollmer & Duschl (2000) to re-examine the kinematic structure of the
ionized gas. Using a three-dimensional representation, they confirm the standard features, but with a more
complex structure, including two features for the Eastern Arm, a vertical finger of high density, a large
ribbon extending to the east of SgrA � , and two distinctly different components in the Bar. Data in different
lines, acquired with better spectral and spatial resolution, warrant an independent kinematic analysis.

In the present paper, the gas content in the inner region of the GC is presented and analyzed from
high spectral resolution (21.3 �����
��� ) data cubes on the Br � line, obtained with BEAR, an imaging FTS

c
�
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Fig. 1 Br � intensity integrated between
������� and � �����	��

����� toward the two
mosaicked fields of Sgr A West observed
with BEAR. The standard bright features,
Northern and Eastern Arms, Bar, and the
mini-cavity, are indicated. Also, a few
emission line stars show up as bright points
in the image. (Morris & Maillard 2000)

(Maillard 1995, 2000) at the f/35 infrared focus of the 3.6-m CFH Telescope; the same work on He I data
is ongoing. A preliminary analysis of these data have been presented in Morris & Maillard (2000). In
Paumard et al. (2001, hereafter Paper I), where the helium stars were studied, the He I ISM emission was
identified and described for the first time. The Br � data cover a field of view of ���� ��������� �

at a seeing-
limited resolution of � 0.6

� �
. The HST-NICMOS Pa � data (Scoville et al. 2003), used in Paumard et al.

(2003), are used here for high-resolution morphological considerations.
A multi-component line fitting procedure applied to the emission-line profiles in each point of the field

is described in Sect. 2. From this decomposition, the identification of defined gas structures constituting the
whole Sgr A West ionized region is presented in Sect. 3. Attempts to adjust Keplerian orbits to the flowing
gas are presented. This is followed in Sect. 4 by a discussion of the implication of these identifications on
the formation and the lifetime of the inner ionized gas.

2 Structure identification

In each point of the field (Fig. 1) the Br � emission profile appears complex, clearly showing that along
each line of sight, several ISM clouds or flows are present. So the study of these ISM features required
the development of a multi-component line fitting procedure able to work on 3D data. From a coarse
examination of the datacube the fitting by a maximum of four components seemed adequate. Miville-
Deschêne (private communication) provided us with such software, that we adapted and developed. By
comparison of the velocity components from one line of sight to the next, and by assuming continuity, it is
possible to perform a reconstruction of the large-scale velocity structures. In the end, it might be possible to
conclude whether these structures are independent, or continuous spiraling flows. Thus, the process is split
into two main parts: first, the line profile decomposition of all the points of the field, and then the structure
identification. The natural line shape of a single velocity component of the emission line from the ISM has
been assumed to be Gaussian, defined by three parameters (central velocity, amplitude, and line width).
The fitting procedure then adjusts four independent Gaussian lines, convolved with the instrumental PSF
– which is a sine cardinal– to each spectrum. Hence the fitting function depends upon twelve independent
parameters for each point of the field. The consecutive steps are the following:

Preparation: These twelve parameters are first manually determined for a few starting points, evenly
distributed over the field, chosen to be representative of the most obvious features, and located on spots
where four components are clearly present.
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Step 1: From the starting points, a first procedure attempts to fit a four-component line shape function
to each spectrum. For each new spectrum, the initial guess is determined from the results found for the
neighboring points. The spectra are studied sequentially in parallel spiral-mode scannings arround each
starting point. Except for the initial guess, the fitting of a spectrum is independent of all the others.

Step 2: For the brightest point of the field, the neighbors are examined, and searched for a component
such that the velocity gradient between the point of interest and this neighbor is less than a certain amount,
which is set by the user at runtime. The procedure is iterative, and once a few neighbors have been
selected into a structure, their neighbors are in turn examined for possible selection. The procedure stops
when every component of every point of the field has been assigned to exactly one spatial structure. This
procedure allows only one component of a given point to be selected into a given structure. Structures so
warped that they overlap themselves spatially, thus causing two velocity components on the same line of
sight, cannot be directly detected as such: they artificially split into several structures.

Step 3: This procedure requires that the detected structures be manually inspected. The user has then
the possibility to add some more common sense heuristics in the structure identification, a little difficult to
implement but easy to apply manually. Several problems can occur:

� during step 1, the fitting procedure might fit only one component where two blended components are
indeed more appropriate,

� during step 2, the procedure can falsely cross-connect two structures, i.e. reconstruct two structures,
each one being made of one part of one physical structure, and one part of the other one.

Step 4: Then, these manually corrected results are used to perform a second fit on each point of the field;
at this point, 2D information is entirely included in the initial guess provided to the fitting procedure.

Iteration: Steps 2, 3 and 4 must be iterated a number of times, until a stable set of plausible structures is
reached. “Plausible structures” means only that the structures are more extended than the spatial resolution,
and brighter than the detection limit of the instrument.

3 Results

3.1 General description of the results

The analysis described above leads to a vision of the Minispiral more complex than usually thought, one
which is consistent with, but more detailed than the vision proposed by Vollmer & Duschl (2000). After a
careful examination we identify 9 components of various sizes (Fig. 2). Two types of velocity map appear,
some with an overall velocity gradient, others without any large-scale velocity gradient. The deviation
from mean motion, defined as the local difference between the velocity measured at one point and the
mean value for the neighboring points, and divided by the uncertainty, ranges from roughly one tenth to
ten for all the features, which means that every velocity structure shows significant (over 3 � ) local features.

The areal size of the structures (Table 1), expressed in terms of solid angle covered on the sky, ranges
from 17 arcsec

�
to 300 arcsec

�
for the part of the Northern Arm that is visible in the BEAR field of view.

The surface area of each structure must be considered as a lower limit because BEAR may not detect the
weakest parts nor parts where blending with a brighter structure in the spectral domain is possible, and
because the field of view does not cover the entire Minispiral.

3.2 Morphology of the ionized gas in Sgr A West

A brief description follows for each identified velocity structure, whose velocity maps are given in Fig. 2.
Table 1 gives the surface coverage on the sky (within the BEAR field of view), and the maximum and
minimum velocity within the given structure.
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a) b)

c

e

c)
e)

Fig. 2 Velocity maps for the nine de-
tected structures (see text for precise
identification). Coordinates are offsets
from SgrA

�
, in arcseconds.

d

f

d)
f)

g

h

i

g)
h)
i)

ID Feature name S (pix) S (arcsec
�
) Vmin Vmax

a Northern Arm 2414 300.8 -286.9 188.9
b Bar 1389 173.1 -211 196.9
c Eastern Arm 833 103.8 132.9 242.9
d Eastern Bridge 670 83.5 34.9 182.9
e Western Arc 471 58.7 -37.1 74.9
f Western Bridge 327 40.7 -121.1 100.9
g Tip 207 25.8 222.9 339.0
h Northern Arm Chunk 185 23.1 14.9 74.9
i Bar Overlay 136 16.9 -267.0 -7.1

Table 1 Feature identifications,
with surface areas (pixels and
square arcseconds), and mini-
mum and maximum radial veloc-
ities (

�������
	
).

a) Northern Arm: Contrary to its standard description, the Northern Arm is not seen here as a bright
N-S lane, but as an extended, triangular surface. One edge of this triangle is the bright rim generally
noticed, but it extends over to the Eastern Arm. The third edge of the triangle is the edge of the field,
so viewing this feature on a larger field may yield a slightly different description. Its kinematics will
be thoroughly described in the next section.

b) Bar: The Bar is the most complex region, where at least three components are superimposed. The
most important feature is very extended, from the Eastern Arm (c) to the Western Arc (e), very straight
and shows a smooth overall velocity gradient. Vollmer & Duschl (2000) mention two complementary
components of the Bar, which they call Bar 1 and Bar 2, though their description is not sufficient to
determine precisely the positions of these two components. We see two additional features, which
we propose to call Western Bridge (f) and Bar Overlay (i). Parts of the Bar are also superimposed on
almost every other structure, including the Eastern Arm (c), the Tip (g), the Eastern Bridge (d) and
the Northern Arm (a).

c) Eastern Arm: The region is split into two parts: the Arm itself and a Tip (g). The velocity gradient
of the Arm is directed along the minor axis of the structure, not along its major axis as expected for a
flow.

d) Eastern Bridge: A structure of medium size extends from the Eastern Arm to the bright rim of the
Northern Arm. It does not show any large-scale velocity gradient, and its shape does not show any
principal axis that would indicate a flow. It is superimposed on the faint regions of the Northern Arm,
and partly superimposed on the Eastern Arm, the Bar and the Tip. The Pa � map (Fig.5) shows that
this feature may extend outside our field-of-view into a elongated feature parallel to the Eastern Arm.
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Fig. 3 Microcavity feature
in the region of IRS 9W,
which would be approxi-
mately located in the upper
right corner. The center of
this field is located 5.4� � east
and 8.1 � � south of SgrA

�
.

e) Western Arc: The Western Arc lays just at the edge of the field, so we have access only to its innermost
part. It is seen as a rather simple feature, with large scale velocity gradient.

f) Western Bridge: The Western Bridge is a tenuous, elongated feature oriented east-west and extending
from the Bar to the Western Arc.

g) Tip: The Tip is, in projection, a very concentrated and relatively small object with the most redward
velocity in the region ( � 300

�����	��

). The Tip has already been noticed by Vollmer & Duschl (2000)

only on a morphological basis, as a finger-like feature of the Eastern Arm in their three dimensional
data. Here, we see that the Eastern Arm and the Tip are two distinct features, superimposed on the
line of sight, thus we do not adopt the representation-dependent denomination “Finger”. At the elbow
between the Eastern Arm and the Tip, in the IRS 9W region, is a bubble-like feature, or a Microcavity
(radius � 1 � � ), with a rather bright rim (Fig. 3), which appears at a specific velocity (250

���
� ��

).

h) Northern Arm Chunk: A small tenuous structure is seen superimposed on the Northern Arm, a few
arcseconds north of IRS 7. It lays at the edge of our field, so it could extend further out; however the
Pa � image shows a small, horizontal bar at his location, crossing the bright rim of the Northern Arm,
and that does not seem to be much extended.

i) Bar Overlay: The Bar Overlay looks like a small cloud that is superimposed upon the western region
of the Bar and that shows a velocity gradient similar to the one of the main Bar at the same location,
with an offset of � -40

���
� ��

. It may indicate that these two features are closely related. They could,

for example, be the two faces of a single cloud.

3.3 Keplerian orbit fitting

The velocity maps show a view of the features very different from the usual flux maps which, by them-
selves, can be misleading. For instance the morphology of the Northern Arm with its typical bright rim
may lead one to think of it as the true path for most of the material. On the other hand, the velocity map
shows no peculiar feature at the location of the rim. This is particularly intriguing for the location where it
bends abruptly, just a few arcsecond north of IRS 1 and east of IRS 7 (Fig. 1). Thus we are led to the idea
that the kinematics of the Northern Arm should be studied independently of its intensity distribution.

As a first attempt at exploiting the information contained in the new tools that are the velocity maps,
we tried to analyse the Northern Arm as a Keplerian system. For a first, simple approach, we created a
dedicated IDL graphical package called GuiMapOverlay (Fig. 4). With this tool, the user can easily ad-
just one Keplerian orbit over a velocity map. A Keplerian orbit in 3D is defined by five orbital parameters:
the eccentricity, two angles defining the orientation of the orbital plane, the periapse (distance of closest
approach to the center of motion), and a third angle defining the position of the periapse.

Once the user is almost satisfied with the orbital parameters he has found by trial and error, an automatic
fitting procedure can be called. It is possible to fix parameters (at least two must remain free), and the orbit
can be forced to go through a selected constraint point by tying the periapse to the other parameters. After
a few experiments with this tool, we are led to some general conclusions:
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Fig. 4 GuiMapOverlay: given a set of
orbital parameters, this tool draws the path
of the corresponding Keplerian orbit on a
velocity map, extracts the observed veloc-
ities along this path, and plots both the ob-
served and computed velocity curves. The�������

is also computed and shown.

� a good agreement can be found between observed and calculated velocities, except in the region of
the Minicavity;

� this model alone is not sufficient to decide whether the orbits are bound or not, or whether the data
are compatible with elliptic, parabolic, or hyperbolic motion.

The second point mentioned above is not satisfactory, as one of the most interesting questions is to
decide whether the gas is bound. Nevertheless, the first remark encouraged us to persevere in the direction
of Keplerian modeling, so we attempted to model the Northern Arm with several orbits instead of only one.
Each orbit is bound to pass through a different point, by tying its periapse to the other four parameters,
and all these constraint points are aligned across the gas lane, close to the line of zero radial velocity, thus
ensuring that they are indeed on separate trajectories. To ensure a smooth model – we are interested only
in the global motion – the four functions that map each constraint point to one of the parameters, have
been chosen to be described as spline functions, defined by their value at four points. Thus, having four
functions (one for each of the orbital parameters), each of them being defined by four values, the model is
dependent on sixteen parameters.

We designed a fitting procedure to adjust this model based on the observed velocity map by minimizing
the reduced �
	���
 . In order to study a certain hypothesis, it is possible to either fix some parameters,
or to force them to have the same value for each orbit. This way, for example, it is possible to really
check whether the observed velocity map is consistent with coplanar orbits or with uniform eccentricity.
To avoid studying only local minima in the parameter space, it is also important to use several different
initial guesses. A tool quite similar to GuiMapOverlay has been designed to easily study whether the
data are consistent with an homothetic1 set of orbits, which is the simpler model.

3.3.1 Results

With the homothetic set of orbits hypothesis, the eccentricity still cannot be well constrained. Bound orbits
seem to be preferred, but the agreement is as good with circular orbits and very elliptic orbits, close to
parabolic. The residuals map has always the same shape: the observed velocities are always smaller than
the computed ones along the inner edge of the bundle of orbits, and higher along the outer edge. The
agreement is always poor, with ��	���
��

�
������� . A few of these homothetic models have been chosen as

initial guesses for other adjustments, with released constraints. It is first interesting to check the coplanar
hypothesis, by keeping uniform only the two parameters that define the orbital plane, and the uniform

1 Two orbits are said to be “homothetic” when they are identical except for their scale, i.e. when they share the same orbital
parameters, except the periapse.
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eccentricity hypothesis. The agreement is much better when making either the eccentricity or the orbital
plane free, but it is still better making both free.

Even with the most general situation, the parameters are still not constrained enough to decide whether
the orbits are all bound or not, to extrapolate the model outside the field of view, nor even to derive reliably
the direction of proper motion. However the models share a few characteristics that we judge to be robust
because of their repeatability:

1. the orbital planes are close to that of the CND;
2. the orbits are not quite coplanar; the two angles that define the orbital plane vary over a � 10

�
range;

3. the eccentricity varies from one orbit to another, beeing close to parabolic or above for the innermost
orbits, and closer to circular (below � 0.5) for the outermost.

The variations of the orbital parameters induce a particular shape for the Northern Arm (Fig. 5): for all
the non-coplanar models, the Northern Arm looks like a warped surface, and this warp induces a crowding
of orbits that closely follows the bright rim of the structure. That suggests that the Northern Arm is either
a warped disk, or the ionized surface of a neutral cloud. The bright rim itself is not due only to the stronger
UV field and a real local enhancement of the density, but also to an enhancement of the column-density due
to the warp. An interesting point is that, in some models, no orbit follows the bright rim, which emphasizes
that it is really important to consider the dynamics independently from the morphology of the Northern
Arm. Another characteristic present in all the models is that the period of the orbits ranges from a few�����

years to a few
���	�

years, which implies that the Northern Arm would have a completely different
shape in a few

��� �
years, and cannot be much older than that timescale.

Since the agreement in radial velocity is now rather good, it makes sense to look at the deviations from
global motion by looking at the extended features on the residual velocity map (Fig. 5):

A) the flow shows a rather significant deviation in the region just southwest of the embedded star,
IRS 1W; this perturbation could be due to the interaction with this star’s wind;

B) the region of this model closest to the Minicavity is perturbed;
C) another deviation is seen at the precise location where the bright rim bends a lot, just east of IRS 7E2;
D) finally, an elongated feature is seen on the fainter rim coming from IRS 1W towards the northeast.

4 Discussion

The presence of at least three isolated gas patches (the Western Bridge, the Northern Arm Chunk and
the Bar Overlay, but also possibly the Eastern Bridge, which may or may not extend ouside the field) in
addition to the standard large flows has been demonstrated. In addition to that, the Microcavity at the elbow
between the Eastern Arm and the Tip is a new example of an interaction between an ISM feature and a
stellar wind, similar to the Minicavity, as is the deviation from Keplerian motion detected close to IRS 1W.

In this context, it makes sense to ask what is the influence of the large number of mass losing stars
present in the central parsec? These massive, hot stars of the central cluster, named “helium stars” from
their strong 2.06 
�� He I emission line, presumably LBV-type and WR stars, being particularly concen-
trated in two clusters, IRS 16 (Krabbe et al. 1991) and IRS 13E (Maillard et al. 2003), must be a major
source of helium in their environment. Therefore the following question arises: what happens to this he-
lium enriched material? Could it form or enrich the gas patches that we see? Comparing the helium and
hydrogen distribution in the central parsecs, and their abundance in the different structures and in the CND
is guaranteed to help us better understand the origin of the different ISM structures.

The geometry of the Northern Arm has been studied from its velocity map, leading to the conclusion
that it may not be a planar structure, but rather a three-dimensional structure. Fig. 5a is quite compatible
with the Northern Arm indeed being the ionized surface of a neutral cloud, which could come from the
CND, in accordance with the standard formation scenario.
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Fig. 5 On this Pa � map (Scoville et al. 2002), one of the Keplerian models is overplotted (left panel). This one is
quite consistent with the Northern Arm and the Western Arc being related structures. On the right panel, the most
significant deviations from Keplerian motion discussed in the text are labeled A to D, and indicated as filled contour.
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