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Abstract. We report on Galactic Centér-band observations made during NA@®NICA Science Verification. Colors of
the inner 2 stars reveal an infrared excess of S2, the closest star to the black hole, that could sign the first thermal infrarec
detection of Sgr A*. A multi-wavelength maximum likelihood analysis has allowed us to eliminate all but two of the candidates
for gravitational lensing proposed by Alexander (2001). Our observations of the thin and intersecting structures of the Northerr
Arm could trace several shocks heating the neighbooring dust rather than a stream of matter in orbit around the central mass
previously thought.
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1. Introduction Lenzen et al. 1998) in the thermal IR should allow one to rec

the flux predicted by recent Sgr A* emission models (Mdirke

In the infrared (IR), our knowledge of the central parsecs of thg 51 5001; Yuan et al. 2003), whereas these predictions ¢
Galactic Center (GC) has highly benefited from the improves g g ter wavelengths. Previous thermal IR studies (DePo
ments in high spatial resolution techniques. Thanks to specgﬁarp 1991: Simons & Becklin 1996: Blum et al. 19962 @t |
imaging and later adaptive optics (AO) at ESO and Keck, Wq 5 "2001) had a too low sensitivity giod spatial resolution
groups at MPE and UCLA have been able, through proper mg-qetect sgr A* and were concentrated on the analysis of

tion measurements of the central stars, to severely constrgﬂbht stars (. < 11), deriving classification of the more iso
the naturgvalue of the central compact mass of our GalaXyieq ones

(Schodel et al. 2002; Ghez et al. 2003). The opening of a new window in tHe-band with NACO

Thermal IR observations at high angular resolution ag& e the opportunity to perform multi-wavelength IR stut
of prime interest for the search of an IR counterpart ®s that have only been tackled in the andor K-bands till

Sgr A* since this wavelength domain still benefits from thg,, (e.g. gravitational lensing by Sgr A*, ionized gas free fri
spatial resolution needed to separate the individual souregSission dust emission or bow-shocks).

of the Sgr A* cluster. Furthermore, the sensitivity achieved
by NAOSCONICA (hereafter NACO, Rousset et al. 2000;

2. Observations and data reduction

Send gprint requests toY. Clénet, e-mailyann. clenet@obspm. fr ) )
* Based on observations collected at the European South&hservations of the GC have been performed with the 8 mV

Observatory, Paranal, Chile. UT4 telescope (ESO) during NACO Science Verification (S\
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1024 x 1024 pixel images have been acquired with the I~ 9-3[
CONICA camera, after correction from atmospheric turbulenc
by the NAOS AO system.
On 2002 August 29H- (1 = 1.66 um) and Ks-band
(¢ = 2.18 um) images have been obtained using the IR wave
front sensor (WFS), servoed on the brighiband source IRS 7
(mk = 6.5) which is located about 5/5north to Sgr A*. To -
date, NAOS is the only astronomical AO system equipped wit &
an IRWFS, allowing correction even when no visible counter £ or
part is available for the classical visible WFS. The pixel scah\g/
was 0.01326/pixel. <
For operational reasons, the visible WFS was the only or
available for the SVL’-band @. = 3.80 um) observations
(2002 August 19) and the AO reference star was the one us
ally chosen for visible WFSnfg = 13.8), located about 25
north-east to Sgr A*. As a result, the stars appear elongated t e
ward the direction of the reference star (Fig. 1). The pixelscal _g g & i , .
was 0.027%1/pixel. —R.9 0 8.9
In each band, a data cube has been created from the acc, Aa(aresec)
sition, in a random jitter mode (§itter box width atH andKs, 2.4
10” atL’), of 25 images aH, 20 atKs and 76 at’. Each indi-
vidual image of these data cubes results from the coaddition o
4 exposures of 15 s &t andKs, 150 exposures of 0.2 slat
In each band, the data reduction operations were the following

0.8

. |

Ad(arcsec)

-0.8 4] 0.8
Ao(arcsec)

1. L’-band images only: to correct from the large-scale varia-
tions of the sky background, subtraction for each data cube
image of the median value computed over the entire FOV;,

2. for each data cube image, subtraction of the sky emissior

map built as a median along the third direction of the data
cube;

. flat field division to correct from the instrumental response;

. bad pixels correction;

. selection of images according to the estimated Strehl ratio —2.4 -1.0

evaluated from the central flux of a star observed on eact™ > M(m‘.}csec} T . M(afcsec} 10

individual exposure. 8 images (out of 76) have been kept in
theL’-band. 18 in thed-band and 14 in th& s-band: Fig. 1. Up: NACO L’-band image of the GC. Flux is displayed on a
recenterind of each individual selected image; ' power-law scale fI") to highlight the faint extended emission struc-

. Lo . tures. Locations of zooms are shown by rectandbesvn left zoom
7. coaddition of the common part of each individual image 2 y X
6h the Northern Arm @ power-law scale)Down right zoom on

aﬂer a background adjustment in order to put the Ieﬁﬁ% new detected bow shock (upper image) and on the Sgr A* cluster
bright regions to a value near zero.

(lower image).
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The resultingL’-band image is displayed in Fig. 1, together

with a zoom showing a newly observed bow shock located

around 3.4 north and 2.8 west to Sgr A*, a close up of the of the same article which matched the non variability selection

Northern Arm and a zoom on the Sgr A* clustel- andKs-  criterion given by the authorg? < 5.13 (see Ott et al. 1999, for

band SV images are not presented here since they are discuggéefinition ofy?): ID 124, 137, 144, 148, 151, 156, 162, 163,

in Genzel et al. (2003a). 179, 195, 198, 212. In thd-band, some of the reference stars
In the three bands, the relative photometry has been codfOtt et al. (1999) were also saturated and we have extracted

puted with Starfinder (Diolaiti et al. 2000). To calibrate th&om the same Table 2 the non saturated stars whose photome-

photometry, we have firstly selected from Ott et al. (1999)tsy was available in Blum et al. (1996): IRS 33SE, IRS 16CC,

number of stars known for their non variability. In theband, RS 33SW, IRS 33N, MPE1.0-7.6.

we have extracted from the reference stars list presented inThe mean zero point of each band has been then computed

Fig. 3 of the aforementioned article the objects whose photobyy considering the list of non variable stars retained as ex-

etry was available in Blum et al. (1996): IRS 29N, IRS 33Sklained above. The corresponding standard deviations give an

IRS 16C, IRS 16CC, IRS 21 and MRE.6-6.8. In theKs- estimation of the photometric errors: 0.28 in tHeband, 0.07

band, almost all these reference stars were saturated. We havwbe Ks-band and 0.35 in the’-band, since photometric er-

used the photometry of all non saturated stars given in Tabled2s computed by Starfinder are much lower than these values.
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Table 1. Dereddened colors of the Sgr A* cluster stars (Fig. 1). IRS 16 stars are not includeetsdin unit of 10 mas) are relative to S2.
IDNumber 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Other name S7 S8 S4 S9 Sli1 S10 S2 S1 Si12
Aa 9% 76 52 47 39 35 31 24 18 16 15 2 0-6 -11 -31 -50 -55 -59 -67 -81 -85
A6 1 -69 -43 -2 8 -25-93 12 -35-57 48 -39 0 -21 27 27 -18 -64 37 -88 -29 -102

(H-Kspy 04 04 05 05 04 04 07 04 05 03 05 06 04 04 04 04 08 03 06 04 05 O
(Ks-L) -05 0.0-0.1 03-0.2-0.1 00-01 0.1 01 03-0.2 08-03 05 0.2 23 3.7-0.1 0.2 -0.5-0.3
L 12.1 11.0 11.9 13.3 10.8 13.0 11.1 12.8 13.4 12.7 13.7 12.8 11.5 13.4 13.4 14.0 13.6 11.9 129 124 12.6

One should note that the photometry from Ott et al. (199%)an et al. 2003). Then, if confirmed, this detection could r
is given in theK-band whereas the NACO filter wa&s. To help discriminating between these two models still in compe
establish a new system of faint near-IR standard stars, Perstsom to explain the black hole emission, but would be the fil
et al. (1998) have surveyed more than 60 standard stars and in the thermal IR.
nearly 30 red stars. For the former, they have fojamg-mg| < Is the high Ks— L"), color index of S2 compatible with
0.025 andmk —mks| < 0.093 for the latter (reached for the veryintrinsic colors of a star? S2 colors are not compatible with g
red object Oph N9). These values being below our photometain sequence star indices but could match the intrinsic
ric errors, we make no fierence in the following betweek ors of a giant (M 4 or M 4.5) or a supergiant (M 1 or M 1.5
andKs magnitudes. Note that the low standard deviation valatar (Fig. 2). Though, it would require an appropriate extincti
found to establishKs-band magnitudes (0.07) demonstratendiicient (Ax = 3.6), much larger than the average extini
that the scatter betwedf and Ks magnitudes is neither sig-tion determined by @net et al. (2001). The visible absolut
nificant here. magnitude of a M 1-1.5 supergiar¥l = —5.6, Cox 2000),

On UKIRT web pagesittp: //www. jach.hawaii.edu/ with the extinction law from Rieke & Lebofsky (1985), a dis
JACpublic/UKIRT/astronomy/standards.html), L- and tance to the GC of 8.0 kpc an&k = 3.6, leads to S2 pre-
L’-band photometries are available for about 130 standatidted magnitudes oftfy, mks, M) = (9.6, 7.8, 5.6), which are
bright stars. The magnitude ftBrence is maximum|rf. — incompatible with its apparent magnitudes (15.5, 13.6, 11.
my| = 1.3) for late-type K or M stars, with a mean value foOn the other hand, the M 4-4.5 giant case is compatible w
these two classes (32 starsXof. — m_ )xm = 0.04 and a stan- these magnitudes as the corresponding visible absolute n
dard deviation of 0.03. Among these 32 stars, the supergianitside (My = -0.3 for the M 5 class, the closest found il
have the same mean value and standard deviation. Then, aftéoa 2000) leads to the following predicted magnitudes;
comparison with the standard deviation value of the zero pomgs, m/) = (14.9,13.1, 10.9). Though, this giant hypothesis i
estimation in the’-band, we assume noftrence between theinvalidated by recent AO spectroscopic observations madt
photometry in the.-band, from Blum et al. (1996), and in theKeck by Ghez et al. (2003): the 3¢-band spectrum exhibits

L’-band (used with NACO). no CO absorption but emission lines in agreement with a |
massive main sequence star. To date, no explanation in tern
3. The IR counterpart to Sgr A* “normal” colors of a star seems to elucidate ttieband excess

) L ) . of S2. However, the thermal excess of S2 may be an indical
On the 2/ x 2" L’-band image of the Sgr A* cluster, moreyf qyst in the neighbourhood of this star, either as a dust ¢

than 20 stars are detected. Their dereddened colors, assurgia@gind the star itself, either as clumps located in the vicinity
the extinction law from_Rieke & Lebofsky (1985)_, a Qistancggr A*. A quantitative model is given in Genzel et al. (2003
to the GC of 8 kpc (Reid et al. 1993) and an extinction valug explain the S2 IR excess by dust emission. Stellar variabil
A = 2.7 (Clenet et al. 2001), are given in Table 1. Togethe{|ast possible interpretation, is unlikely: a variation of typical
with ID#17 and ID#18 (a possible unresolved double source gg; mag aK (with respect to previous published values) wou
may indicate its large elongated shape), S2, the closest stafdge occured within a few days, which is not consistent w
Sgr A*, has very red colors. Is this S2 IR excess intrinsic to thg 5] variability of a massive main-sequence star, and S2 it

star or due to a contribution from Sgr A*? _ nitudes have remained constant over the past years.
The latter hypothesis cannot be directly ruled out since the

distance between S2 and Sgr A* in 2002 (about 0)Ogas
lower than the’-band NACO spatial resolution (0.09% mak-
ing impossible to spatially separate the S2 emission from tAexander (2001) has shown the interest in looking for the pi
putative one of Sgr A*. If we assume that S2 haka { L")q sible gravitational lensing of background sources by the bl
index among the highest of its neighbours (sKg ¢ L")o = hole. The discovery of one or several pairs of gravitational il
0.4) and attribute the entire color excess to theband flux ages would allow one to precisely locate Sgr A* in the IR, :
(since S2 and the other surrounding stars have sintlai{s), alternate solution to SiO masers detection (Menten et al. 19!
indices), we derive for the extra sounte = 12.8 and a dered- Multicolor photometry adds strong constraints on this stu
dened flux density oF, = 7 mJy. This is in good agreementince the luminosity amplification factor of a gravitational in
with predictions made by both jet (rather in a flare state) amgje is not wavelength dependent. Using a maximum likelihc
accretion disk emission models of Sgr A* (Mafket al. 2001; method and the NACO photometry in thie, Ks- andL’-bands,

4. Gravitational lensing

Letter to the Editor
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Table 2. Amplification factors estimated from NACO photometry with a maximum likelihood method (except for pair #8). Notes: (1) the
faintest component is not detected_at The maximum likelihood method is used taking8.3 m., < 20 for this star; (2) the first component

is only seen ak’ and out of theH— andKs-band fields of view. We us& = (1 — 10°™25 o whereAmis firstly the diference betweem, — o
andm, + o, and secondly between, + - andm, — o, with m; andm, the L’-band magnitudes of the images andhe photometric error. It
leads to say\nin andAnax. As previously, the given amplification factor B, + Amax)/2 and the errorfmax— Amin)/2; (3) the identification of

the second component is uncertain sinceheand magnitude given in Table 1 of Alexander (2001) is not the same as in Genzel et al. (2000)

Pair number 1 2 3 4 5 6 7 8 9 10
A from NACO 1047+ 0005 196+016 1051+0005 661+265 1045:0005 328+062 167+010 123+015 165+009 1066+ 0.008
A from Alexander (2001) 1.05 3.82 1.03 2.29 1.04 2.15 2.21 1.03 1.03 1.0
Notes 1 1 1 2 3 1
2f ' ' ' { invalidated by spectroscopy (Alexander 2001). Then, except

if one relaxes the uncertainty range, which would sharply de-
crease the degree of confidence of the result, this photometric
study allows one to eliminate all but two pairs of the list.

5. The IR counterpart to the Northern Arm

Figure 1 shows an extended arc-like structure beginning from
i {1 the west of IRS 1W, passing just at the east of IRS 16NE,
0:— — through the IRS 16SW cluster to end just north to IRS 33E.
- 1 Known as the Northern Arm (NA), it has been observed at ra-
ADD 1 dio wavelength (e.g. Yusef-Zadeh & Wardle 1993), in near-IR

O 1 emission lines tracing recombination in the ionized gasiiNe

4 [ . O . 1 (Serabyn et al. 1988), Ra(Stolovy et al. 1999), By (Morris

. o ’ 5 3 & Maillard 2000), Her (Paumard et al. 2001). Because of the

(Ks-L')e large gradient of velocity along the arm, it has been interpreted
_ _ ) as a stream of matter in orbit around the central mass.

Fig. 2. Dereddened color—color diagram for S2, superimposed on in- The high angular resolution of our image reveals: a) the

trinsic colors of diferent classes of stars. The line represents the Var@itreme narrowness of the brightest part of the arc which is in

tion of the dereddened S2 colors with respect to the interstellar exti?gét unresolved: b) the decomposition at this scale of the arc in
tion, fromAx = O (top) to A« ~ 5 (botton), and crosses on this line are ! P

for integer values of. Additional symbols are for intrinsic colors of several arclets, either intersecting or nested, as shown in Fig. 1.

stars from Ducati et al. (2001): red diamonds are for main sequentldiS picture would not favor the idea of a stream of gas orbiting
stars, green triangles for giants and blue squares for supergiants. around Sgr A*, since it would not explain a very filamentary
concentration nor a departure from a regular elliptical orbit.

What is the nature of the emission we detecL& We

we have estimated the amplification factor for the ten masteasure, for instance, a brightness of 180 mJy arésec
likely image pair candidates that Alexander (2001) found a#- typical area of @” x 0.4” on the northern part of the
ter Monte-Carlo simulations and minimal likelihood analysisirc. The high frequency counterpart of the free-free emis-
We have considered the problem where one wants to calculsittn seen at 15 GHz would correspond to a flux density
the ratioR of two flux, having three dierent measurements of~20 mJy arcse®, based on the radio brightness of the same
this ratio. Through maximum likelihood estimation, the soluypical area measured on the 15 GHz arc. This is 10 times
tion is given by the maximum of the following sum, taken afinter than our measurement. On the other hand, if the main
a function of the ratidR: — Z (f;, —R%)?/ (O'i + RZO-%), contribution to the_’-band emission was the Brline, the ex-

i=H.KsL/ ' ' pected power, also scaled from the radio emission, would be
wheref; is the flux of the first imagef, the flux of the second 2.4x107*?erg s* cm2 arcsec?, which is also 10 times fainter
component of the paier; ando, the corresponding errors. Thethan our value (2% 10722 erg s* cm™2 arcsec?). The addi-
error o of the estimated ratio is given by the curvature of tional flux could come from heated dust associated to the gas.
the aforementioned sum function at its maximum. The small&tte appearance of the emission, showing up as very thin and
amplification factoin, is 1/(R+or) and the largest amplifica- possibly broken arclets, suggests that the arc could be the trace
tion factorAmax is 1/(R— or). Results are reported in Table 2pf one or several thin shells of compressed gas due to one or
where the given amplification factor value B + Anax)/2 several shocks propagating in the medium: warm dust within
and the errorAmax — Amax)/2. the shocked layer could then become the dominant source of

No errors are associated to the amplification factor vamission in thd’-band. In this scenario, the fact that the ve-

ues in Alexander (2001). If one check whether these valuesity is quite diferent in the northern and southern parts of the
are compatible with ours within our given error, only pairs #arm (Morris & Maillard 2000) could then be explained if in-
and #5 would be possible cases for lensing. Though, pair #1dised two diferent shocks are at work. We are aware that high

(H=Ks),
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resolution 1Qum maps have been obtained at Keck. A compamight trace dust heated by shock compression, which would
ison of individual features will be done when data is availabl@alidate precedent interpretations of the NA structure. Finally
One should note the good matching of the thinest structur®w-shock star”, interacting with the NA, has been discover
between the radio (Fig. 1 in Melia & Falcke 2001) and the theon thel’-band image. Simulations lead to a dust temperat
mal IR: for instance bright extended filaments south to IRSIi& the shell of about 250 K. All points discussed above (e
are clearly observable in Fig. 1 and at centimeter wavelengthsture of S2, gravitational lensing) will highly benefit from th
next spectroscopic high spatial resolution observations sck
6. A new “bow-shock star” uled with NACO.
Several bow-shock stars, interacting with the NA, have been
discovered by Tanner et al. (2002, 2003) on photometric aRéferences
radiative transfer modeling basis. Observed with AO at Gemipi

. . exander, T. 2001, ApJ, 553, 149
observatory (Rigaut et al. 2003), IRS 8 is a bow shock star 4§y, R D. Sellgren, K., & DePoy, D. L. 1996, ApJ, 470, 864

tected from its morphology, which seems to result from the igjenet, Y., Rouan, D., Gendron, E., et al. 2001, A&A, 376, 124
teraction between a fast moving star and the NA. Clénet, Y., et al. 2004, A&A, in preparation

Less than 2 from the NA, 3.44 north and 2.90 east to Cox, A. N. 2000, in Allen's Astrophysical Quantities, fourth editior
Sgr A*, a star shows a bow-shock-like structure on its north-ed. A. N. Cox (Springer-Verlag)
eastern part, in the direction of the NA. The bow-shock figuRePoy, D. L., & Sharp, N. A. 1991, AJ, 101, 1324
is Composed of 3 “hot Spots"' each one with_aband sur- Diolaiti, E., Bendinelli, O., Bonaccini, D., et al. 2000, A&AS, 147
face brightness around 75 mJy arcgewhich may indicatea _ 33% . o
structuration of the interaction. The bow-shock is at a projectQH;:‘S" ;.slg.é%gvnacqua, C. M., Rembold, S. B., & Ribeiro, D. 200
distance of 1600 AU from the star. From its absoluteband o 7 1°2 "oionon ¢ Eckart, A, et al. 2000, MNRAS, 317, 348
magnitude ., = —-5.3) and assuming it is a hot O star, w

. ; E\Genzel, R., Sabdel, R., Oftt, T., et al. 2003a, ApJ, 594, 812
deduce a star luminosity of abouts10° L. The bow shock Genzel. R. Sobdel. R.. Ott. T.. et al. 2003b. Nature. 425. 934

structure is very red since it appears in ttieband but nei- Ghez, A. M., Duckhe, G., Matthews, K., et al. 2003, ApJ, 586, 127
ther in theH—- nor in Ks-bands: the emission may be warnghez, A. M., Wright, S. A., Matthews, K., et al. 2004, ApJ, accepte
dust heated by the star. In Fig. 1, the thickness of the shell sugnzen, R., Hofmann, R., Bizenberger, P., et al. 1998, Proc. SF
rounding the star is about 4 pixels, corresponding to 900 AU.3354, 606
Adopting a NA gas density of £0cm™ (Tanner et al. 2002) Markoff, S., Falcke, H., Yuan, F., & Biermann, P. L. 2001, A&A, 37¢
and a shell depth on the line of sight 2.5 times the thickness, it-13

leads to a column density &f; = 3.4x 1021 Cm—Z' orry ~ 1.1 Melia, F., & Falcke', H. 2001, ARA&A, 2001, 39, 309
andry. ~ 0.06. In this optically thin case, the obsenigdband MeNten. K. M., Reid, M. J., Eckart, A., & Genzel, R. 1997, ApJ, 47

. . 111
brightness 71 B(Tqus)) would require a dust temperature OY\/Iorris M., & Maillard, J. P. 2000, in Imaging the universe in 3 di

248 K. From a simple radiative eq_u_ilibrium mode_l, this is in- mensions, ed. W. van Breugel, & J. Bland-Hawthorn, ASP Co

deed the temperature reached by silicate dustgrains at 1600 Ad,, 195 196

from a Q9 x 1C° L, star atTer = 40000 K, a quite reasonableoyt T, Eckart, A., & Genzel, R. 1999, ApJ, 523, 248

set of parameters. Paumard, T., Maillard, J. P., Morris, M., & Rigaut, F. 2001, A&A, 36¢
466

Persson, S. E., Murphy, D. C., Krzeminski, W., Roth, M., & Riek
M. J. 1998, AJ, 116, 2475

We have presented the NACO SV observations of the GEgid, M. J. 1993, ARA&A, 31, 345

the IR images with the highest spatial resolution to date. TR&Ke, G. H., & Lebofsky, M. J. 1985, ApJ, 288, 618

L’-band image has the highest sensitivity obtained in ttﬁggsalmés':'l' Geballe, T., & Roy, J. R. 2003, Astron. Nachr., 321, \

wavelength domain. S2, the closest star to Sgr A*, ShOWS.8 (o & | acombe, F., Puget, P., et al. 2000, Proc. SPIE, 4007

largeL’-band excess that may be the first signature of the blagkse1 'R ‘ott, T., Genzel, R., et al. 2002, Nature, 419, 694

hole in the thermal IR. 2003 data already seem to confirm thig,ahyn E. Lacy, J. H., Townes, C. H., & Bharat, R. 1988, A

detection (Genzel et al. 2003b; Ghez et al. 2004n€t’'et al. 326,171

2004) and 2004 observations will probably provide the firsimons, D. A., & Becklin, E. E. 1996, AJ, 111, 1908

spectrum of the IR couterpart of Sgr A*, S2 being far enougtolovy, S. R., McCarthy, D. W., Melia, F., et al. 1999, in The Centr

from Sgr A* to unambiguously discriminate between each Parsecs of the Galaxy, ed. H. Falcke, A. Cotera, W. J. Duschl

emission. A photometric analysis has allowed us to eliminateMedia, & M. J. Rieke, ASP Conf. Ser., 186, 39

all but two of the ten most likely image pair candidates fofanner, A., Ghez, A. M., Morris, M., etal. 2002, ApJ, 575, 860

gravitational lensing given in Alexander (2001). This analysi-@ggjr' '\'?-’ ggeg’g';‘-’ Morris, M., & Becklin, E. 2003, Astron. Nachr
. , . e , No. ,
of lensing haven't accounted for any spectroscopic |dent|(|(uan’ F.. Quataert, E.. & Narayan, R. 2003, ApJ, 598, 301

cat!on_ of the correspondmg stars. Furthermor_e, lthévand Yud$ef-Zadeh, F. & Wardle, M. 1993, ApJ, 405, 584
emission of the NA is seen as narrow intersecting arclets an

7. Summary and conclusions



