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Abstract. Cold inactive disks are believed to exist in Low Luminosity AGN (LLAGN). They may also exist in the nuclei of
inactive galaxies and in the center of our own Galaxy. These disks would then be embedded in the observed dense nuclear
stellar clusters. Making the simplest assumption of an optically thick disk, we explore several ways to detect the disk presence
through its interaction with the cluster. The first of these is the eclipse of close bright stars by the disk. The second is the
increase in the infrared flux of the disk due to illumination of its surface by such stars during close passages. Finally the surface
brightness of the star cluster should show an anisotropy that depends on the inclination angle of the disk. We apply the first
two of the methods to SgrAthe super-massive black hole in our Galactic Center. Using the orbital parameters of the close
star S2, we strongly rule out a disk optically thick in the near infrared unless it has a relatively large inner hole. For disks with
no inner holes, we estimate that the data permit a disk with infrared optical depth no larger than about 0.01. Such a disk could
also be responsible for the detected @8 excess in the spectrum of S2. The constraints on the disk that we obtain here can be
reconciled with the disk parameters needed to explain the observed X-ray flares if dust particles in the disk have sizes greater
than~30um. The destruction of small dust particles by strong UV heating and shocks from star passages through the disk, and
grain growth during “quiescent” times, are mentioned as possible mechanisms of creating the unusual grain size distribution.
We estimate the emissivity of the thin layer photo-ionized by the star in Hydrogelir@rand in the continuum recombination

in the 2.2um band, and find that it may be detectable in the future if the disk exists.
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1. Introduction Melia & Falcke 2001; Narayan 2002) and the recently discov-

. . ered large amplitude X-ray flares (Bagd#iet al. 2001). Direct
In the last decade or so, dramatic improvements in the capa%ii 9 Pl y s (Bag ). Di

): ional i f the disk I ible if the disk
ities of the infrared instruments (e.g., Ott et al. 2003) produc servational detection of the disk could be possible if the dis

. : T re massive and thus bright enough (e.g., Falcke & Melia
:i]ng;icift(e:tgedIéggzlqeutaglty%%[g OGnhtehzee(th:rlglg(I)%r;)O;rsl(tjair?ug7; Narayan ZOQZ) but a very_dim inactive disk could have
the centers of other inactive galaxies. These high quality datladed such.detecnon (Nayakshin e.t al. 2003). ]
prove that a super massive black hole (SMBH) exists in the cen- N@yakshin & Sunyaev (2003) pointed out that theee di-
ter of our Galaxy (e.g., Sciulel et al. 2002; Ghez et al. 2003binensf|ona_brblts of star_s such as S2 could be used to test the
and that the majority of the bright stars in Sgr Aluster are putative dIS.k hypothesis. Here we extend thg work of these au-
early-type stars (Gezari et al. 2002; Genzel et al. 2003), raig0rs Py doing a much more through analysis of the parameter
ing interesting questions about the star formation history in tfB2C€ as well as including new physics. In particular, under the
vicinity of Sgr A*. simplest assumptlor} ofan optlcglly thlck_dlsk, we dlsquss three

In analogy to the disks present in LLAGN (e.g., Miyoshf“ethOdS to do so: 0] steII_ar_ecll_pseg,; (ii) re-processing of the
et al. 1995; Quataert et al. 1999; Ho 2003), a thin inactive (ige!lar UV and visible radiation into infrared; (iii) asymmetry
formerly accreting; Kolykhalov & Sunyaev 1980) disk may ex2! the integrated star cluster light. We apply the first two of
istin Sgr A'. In addition, the disk presence may help to explaiff€ Methods to the star S2, whose orbit is currently known the
(Nayakshin 2003; Nayakshin & Sunyaev 2003; NayakshP?St out of all the close sources in the Sdrafuster. We f|_nd
et al. 2003) two major mysteries of Sgr-Aits amazingly (Sgct. 2)_ that absen_ce of eclipses for S2 could be explained by
low luminosity (e.g., see Bagafio2003, and reviews by a disk with a “large” inner holeR;, 2 0.03”, for a rather broad

’ ' range of disk orientations. Note that for a distance of 8 kpc

Send gprint requests toJ. Cuadra, to the Galactic Center,”1corresponds te=1.2 x 10 cm or
e-mail: jcuadra@MPA-Garching.MPG.DE ~1.3x lOng, whereRy = 2G Mam/C% = 9 x 10" cm is the
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gravitational radius for thlgy = 3 x 10° M,, black hole. The 010 e Disk Projection
re-processing of the optical-UV luminosity of the star in the
infrared, however, creates (Sect. 3) a variable and very bright
emission in the standard near infrared spectral bands. This I |
emission would add to the total “stellar” flux observed from 005k |

the source (see Fig. 7 below). Considering disks with no inner

hole and all possible orientations we find that this additional
emission would have been detected by the Genzel et al. and
Ghez et al. teams. Therefore an optically thickAin few um)

disk is ruled out for the Sgr Astar cluster. We estimate that the
maximum near infrared optical depth of the disk that would not
violate observational constraints is about 0.01. Finally, the clus-
ter asymmetry measurementis suggested (Sect. 4) as a mean to
constrain disk size and orientation in nearby galaxies whose
nuclear regions are visible in the optical and UV light. In the
discussion section (Sect. 5) we summarize our main results.
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2. Eclipses (and flares) RA offset (arosec)

Fig. 1. Projection of the disk in the plane of the sky. The disk is de-
2.1. The method scribed by two radiiR, andRy,;, and two angles: disk inclination an-
In this paper we consider an inactive disk optically thick ifle. i, and rotation angles. The latter is defined as the angle between
all relevant frequencies. In our study of thieets of the disk the West projection and the semi-minor axis of the disk projeddion
on individual stars, we pick the star S2 (Sdke! et al. 2002; "ected to the part of the disk closest to the observer

Ghez et al. 2003b)as the best example. This is a very bright

(Lboi ~ 10° Lo) star whose orbitis constrained with better presiar as a function of time. For each given set of the disk param-
cision than that for any other star near Sgr. Ahe existing eters, we determine the parts of the star’s orbit that are eclipsed
data on the star positions in the last0 years cover (Sduel p he gisk (i.e. physically behind the disk) and those that are
et al. 2002, 2003; Ghez et al. 2003b, see also Fig. 2 below)@3 A physically plausible disk should not eclipse any of the
much as~70% of its orbit. The coverage will clearly furtherg;,, positions measured by Sdfel et al. (2002, 2003) Note
increase with time. In addition, the star passed a m&B2" 4t since the Sun prevents observations of the GC region for
or about 2000 gravitational radRg, from the black hole inthe 56yt half of a year, there are large portions of the star’s orbit
pericenter (Scbdel et al. 2002). when it simply could not be observed.

The geometrical thickness of a cold disk is very small (seé The method described in this section can be easily ex-
Nayakshin et al. 2003) so we treat the disk as a flat surfaggnged to other stars in Sgr*Aonce their orbital parameters
The disk is assumed to be in Keplerian circular rotation anddge precisely determined. S12 and S14 passed relatively close
described by its inner and outer rad, andRout. Anexample 1o 5gr A* so they could also be useful in constraining the disk
of the projection of such a disk is shown in Fig. 1. We neggoperties. The orbit of S12 is indeed known quite well, except
twoangles to describe the observational appearance of the djgkiihe sign of its inclination angle (Sobél et al. 2003; Ghez

inclination 0 < i < #/2, between the direction normal to th&y g1, 2003a), so a degeneracy in the 3-dimensional positions
disk and the line of sight, and rotation<Q3 < 2r, between the amains.

West direction and the semi-minor axis of the disk as seen in
projection. (Out of the two possible semi-minor axes, we pick
the one that lies on the side of the disk closest to the observérd. Sample results

_Note that the anglg is of no importance for disks that havery gemonstrate typical results, we present two examples of
azimuthal symmetry, and is thus rarely defined. For our profgis that arenot in conflict with the observations of S2.
lem, however, this angle is important since it determines tﬁ?fst, we consider a disk with no (or a very small, ~ 0)
orientation of the disk relative to stellar orbits. This angle defizner hole. outer radius of.D’, inclinationi = 71°, and
nition is somewhat dierent from those commonly used to deP = 46°. In this calculation S2 was eclipsed between 2001.7
fine stellar orbits (see e.g., Roy 1982, Sect. 14.8), neverthelgsg o0p2.2 (see Fig. 2), and between 2002.75 and 2003.3.
we feel that ours is simpler to uggimmediately shows which e end of the eclipse in 2002.2 coincides with a flare in X-
side of the disk is in front of the plane of the sky centered qQys and NIR that results from the shock heating of the disk
Sgr A . . by the star (Nayakshin et al. 2003). The NIR flare may in

We use the S2 orbital parameters given by &l 'et al. fact pe quite strong due to the disk re-processing of S2 ra-

(2003) and the sign of the inclination angle measured by Ghgation incident on the disk surface, last for months, and be
et al. (2003b) to calculate the 3-dimensional positions of the

2 Ghez et al. (2003b) observed this star in similar epochs, so using
1 Ghez et al. (2003b) refer to this star as SO-2. their data should yield similar constrains.
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Fig. 2. The orbit (top panel) and the light curve (bottom) produce:
by S2 passing through a disk with inner rad = 0 and outer ) .
y P 9 g ks Rout=0.27,i = 3% andpB = 347. Note that S2 is seen through the

one = 0.1”7,i = 71° andB = 46°. Triangles show the positions . . !
of chousttar as g’iven by Sotié’? et al (2003)gRespective tinaes of thémle in early 2002 and that there are no constrains on the disk outer
' . gius in this case.

observations are shown in the figure for some of the measuremelft
The two small crosses mark the points where the star would actually

e s S e e S g Il lrge. Thi s pataly e 10 te orunate orin
units. y P Y. fition of S2 orbit: Ghez et al. (2003b) showed that out %
years, the S2 orbital period, the star spent only 0.5 year behind
the black hole in the year 2002. If we take the simplest case of
asymmetric (see Sect. 3). The same may be said about the sec9, i.e. a disk coinciding with the plane of the sky, then only
ond flare in around 2002.75, except that for this one the ecligbe innermost 2002 points will be eclipsed?f, = 0. If Ry, is
begins (rather than ends) with the flare. While fitting the olgreater than about@3”, then the three measured positions of
served data, this set of disk parameters is a rather fine tuggtithat were behind the plane of the sky in 2002 are observed
one. Thus such a disk (wifR, = 0) is likely to be ruled out by through the hole and the rest of the star’s orbit is in front of the
future NIR observations of SgrA disk. Therefore in this case there are no eclipses even if the disk
Nayakshin et al. (2003) found that the too frequent crogs-infinitely large.
ings of the disk by the close stars in the innermost region of
the stellar clusterlwnl actua_llly destroy t_he disk there. They 53 Constrains on disk size and orientation
timated that the inner radius of the disk may be as large as
Rin ~ 10°Ry, roughly 0.01. In addition, the “accretion” disks We now search the parameter space to determine the likelihood,
in LLAGN do appear to have empty inner regions (Quataert a rough statistical sense, of a disk with some fixed parame-
et al. 1999; Ho 2003) with similar values B, /Ry. Similarly, ters producing no eclipses that would disagree with observa-
there are arguments for the existence of an inner hole in tiens. We make a fine grid in the parameter spdRg Rout,
standard disk surrounding the black hole in Cyg X-1 (Churazeawsi andp) for this purpose, and for each combination of these
etal. 2001). Thus it is sensible to study a disk with an inner raarameters we check whether the disk eclipses any of the mea-
diusRn # 0. As an example, we take a much larger disk witkured (Schdel et al. 2002, 2003) star positions. If it does, then
Rout = 0.2”, Ry = 0.04”, andi = 39 andg = 347 (Fig. 3). this combination of parameters is rejected.
In this example the star is eclipsed by the disk only once per We concentrate first on a disk wifR, = 0.035". In Fig. 4
orbit, not twice as in Fig. 2. The star crossed the disk in 200lu& show the maximum disk sizBgy, as a function of the ro-
(producing a flare) and appeared in the projection of the inrtation angleg, for three diferent disk inclination anglds Any
disk hole in 2002.2. value of Ry greater than the respective curve shown in Fig. 4
An important point to take from Fig. 3 is that the outewould produce one or more observable eclipses contradicting
disk radius is unconstrained in this case, i.e. it can Iblee data. It is seen from the figure that smaller values of the

lgig.?,. Same as Fig. 2, but for a disk with inner radius 004y,



408 J. Cuadra et al.: Bright stars and an optically thick inactive disk in Sgr A

Maximum Disk Size

10:‘“.““5‘ “““““ : | e l1017 10T - T‘_\‘\‘ ‘
t | i i ] \
F | i | i [ .
L i : 1 -
! it ' 0.8+ Y -
h I r .‘.
\,
—~ \,
O N
s = N
8
< 0.6 N . -
~ < L N ~.
g 2 *
24 |3} \ -l
2 L \ Treemee
L N 1
0.4 N -
0.2 T
0 100 200 300 b Rp=0
B (degrees) oo Em = 88% LN T
) ) . ] ] ) ) [ Ry = 0.05"
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different values of the inclination angle (labelled in the figure). Tkﬁgi 5. Fraction of the parameter space that permits a disk of a given

c_urve_s a}rt_a n.ot smooth because the' number of the observed _82 R%ut. The curves are for ffierent values oR;, as marked in the figure
tions is finite; have we had a full continuous coverage of S2 orbit froIQ

1992 to 2002, the respective curves would become smooth functiong.end'

Vertical arrows at the top of the plot emphasize the fact that the outer

disk radius can be arbitrarily large for the respective set of paramaner hole (i.eRn = 0) is allowed for only “small” disks, with

ters. In general much larger disks are alloweif = few tens of @ outer radiiRyy < 0.1” (or about 18Ry ~ 10 cm). On the

mili-arcsecond. other hand, if the disk has an inner hole due to frequent star
passages or other reasons, Wk 2 0.03”, then the eclipses

inclination angle generally allow larger disks. This simply reare avoided in a large fraction of the parameter space by disks

flects the fact that the projected area of the inner missing d|t thave a relatively small inclination angleThe outer disk

increases aisdecreases. radiu; ir_1 this case may_be arbitrari_ly Iargg. _ . .
If there is no physically preferred orientation of the disk It is important to point out that if the disk is optically thin,
With optical depthrg < 1 in the near infrare& band, then the

then all the points in the-_cog parameter_space are equally clljpses are only partishnd therefore harder to observe. Due
probable. Therefore, to give a rough statistical assessmenfo

. . o the results of the next section we will see that this is the most
the results, we may define the probabilRyR,,,) as the frac- . . . . . . .

. > likely situation for the Sgr Ainactive disk (if there is one).

tion, F, of the area in this parameter space that allows the outer

radius to be larger thaR,,:. Figure 5 shows this fraction for

different cases (for a disk with and without an inner hole). &. Disk reprocessed emission

there is no inner hole in the disk, then only 10% of the disk

orientations allow outer radiuRy,,; greater than @”. When 3.1. Setup

Rin = 0.02”, this fraction grows to about/4. If the inner hole The putative disk is heated by the optical and UV radiation of
is even larger (@5”), only a small fraction of the orientationsthe member stars of the Sgr Atellar cluster. The bulk of the
exclude the optically thick disk. This result is at least partiallybsorbed radiation will be re-emitted as the dust thermal emis-
due to the already noted fact that S2 spends eiflfs year sjon in infrared frequencies. This radiation may be observable
behind the plane of the sky (Ghez et al. 2003b). and thus it is desirable to determine the magnitude of the ef-
For the sake of the forthcoming data from the new obserfect. In general the calculation is not trivial since the disk may
ing season (i.e. in 2003), we added an extra point correspohd-optically thick in some frequencies and yet optically thin
ing to the predicted S2 position on 2003.22. However the éf-others, and hence a careful treatment of radiation transfer
fect on the results was rather minor — the fracttohanged is needed. However, we will consider only the case of a disk
by only ~3%. Finally, since the putative disk is very geomefpptically thick in all frequencies.
rically thin (H/R ~ 1073, Nayakshin et al. 2003), a nearly

edge-on (cob= 0) disk could be rather easily “hidden”.
3.1.1. Stellar spectrum

The star S2 is identified as a massive very bright main sequence
star of stellar class between B0 and O8. In this range, the cor-
Using the fact that the observations of the S2 star¢8ehét al. responding bolometric luminosity of the star i$02 x 10° L,

2002, 2003; Ghez et al. 2003b) showed no eclipses in the lastl the temperature is about 30 000 K (Ghez et al. 2003b). For
10 years or so we found that an optically thick disk with nsimplicity, we calculate the “model” spectral luminosity of the

2.4. Eclipses and flares for S2: Summary
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star as a pure blackbody with= 30000 K and_p, = 10°L,. smaller than that of the putative inactive disk, which was es-
Observations of the Sgr*Astar cluster in thd’” band (Genzel timated by Nayakshin et al. (2003) to be in the ramge ~
et al. 2003) showed that S2 has an excess of about 0.6 magl@?*—10?> cm2 in order to produce luminous enough X-ray
30 mJy for S2’s parameters) in that band, compared with tfieres (depending on the distance from Sgr and taking
“normal” colors of the surrounding stars. This excess could Ipeodel uncertainties into account). The thin layer will re-emit
due to contamination of the star spectrum by the reprocessethe optical and the UV the incident stellar radiation. A frac-
emission of the disk. What we call below the “observed spetisn of the UV flux is emitted back out of the disk, and a frac-
tral luminosity” in L’ band is then the blackbody emission detion is emitted towards the disk, penetrating deeper and ioniz-
scribed above plus the excess measured by Genzel et al. (2008)deeper layers. The flux re-emitted below the Lyman limit
(and below the corresponding thresholds for photo-ionization
of helium, oxygen and other abundant elements) can penetrate
much deeper in the disk than the original ionizing stellar pho-
The reprocessed disk emission is a function of time. The cotns. This radiation will be absorbed chiefly by the dust grains
ing time of the disk is much shorter than the star’s orbital periédeep” inside the disk and then be emitted as the blackbody
(usually by orders of magnitude). The reprocessed emissiglculated in Eq. (1).
can then be calculated under the steady state assumption. Thé&rom this discussion it is clear that in reality a fraction of
disk reprocessed spectrum is thus a function of geometry, thee incident UV radiation is reflected in the optical-UV band.
the distance between the star and the dislGor convenience Correspondingly, this fraction of the incident radiation should
in this section, we introduce a spherical coordinate systemrint be counted in Eqg. (1). However, for the stellar spectrum
which the disk plane coincides with tide= 7/2 plane, and the that we assume here, i.e. the blackbody with= 30000 K,
star is at the = 0 axis. The star’s coordinates are thus¢#, only about 20% of the energy is emitted at frequencies above
0) = (d, 0,0). (Note that the black hole idfset from the center the Lyman limit, and therefore it seems that the shielding ef-
of these coordinates.) fect of the ionized layer should not be very large. Similarly,
We assume local black body emissivity for the disk. In thithe dust scattering opacity could in certain wavelengths exceed
coordinate system the distance from a pomw(x/2) in the that for the dust absorption, and then a significant fraction of
disk to the star isVr2 + d2. We thus treat the star as a pointhe incident stellar radiation flux could be reflected back with
source and the disk as an infinitely thin plane. Clearly this ape change in frequency. However we calculated (using Draine
proach is inaccurate fad < R,, but we neglect this due to & Lee 1984 optical constants and a Mie code provided by C. P.
the very short duration of such a close approach. Textive Dullemond) the dust opacity for several typical grain sizes and

3.1.2. The blackbody emission

temperature of a ring with radiuson the disk surface is found that this occurs in a rather narrow range of conditions,
174 and hence we neglected thi$est.
Taisk(r) = (L*d) 1 ) (1 We also estimated the Bracketi(d = 2.16 um) line flux
4rno (rz2 + d2)3/8 from this photo-ionized layer of gas. We used the number of

: Lo : i ionizing photons appropriate for a BO star, a layer tempera-
wherelL, is the st_ar luminosity and is the S_tgfan Bol_tzmann_ ture of 10 000 K and the case B approximation (see Osterbrock
constant. Assuming the black body emissivity and integrati 9 . . ; . i
: . . : E 89). The resulting equivalent width of this Ifis ~60 A,

overr, we arrive at the integrated multicolor black body dis b . | han the ab ion in the Br
spectrum. If the disk is inclined at anglean additional factor about twenty_ tumes arg‘?” a_mt e absorption in the e
o?cosi shbuld be used from the star itself (see Fig. 1 in Ghez et al. 2003b). In addition,

' we estimated the continuum free-free emission from the photo-

ionized layer to yield'L, ~ 10%® erg'sec at 2.2um, which is at

3.1.3. Photo-ionized layer of the disk the level of a few tenths of S2 spectral luminosity (see Fig. 6),
above the current uncertainties in the flux of S2 (see Ott et al.

This simple approach (Eq. (1)) to calculating the disk spectr 03). Thus, if such a strong Bracketand the free-free con-

is an approximation of the more realistic situation. At the teme Lum emission from the disk were present, they should have
peratures given by Eq. (1), that are usudlly < 10° K, the been detected by now '

main agent responsible for the disk opacity and emissivity is However, the above estimates are extremely sensitive to

dust. In reality the ionizing UV flux of the star will create a?ge star's spectrum. Ghez et al. (2003b) conclude that S2 is an

layer of completely ionized hydrogen on the top of the dis .

) . . 8-B0 main-sequence star. If we assume that S2 spectral type
The dominant role in this layer is played by the gas rather thasnBO 5 then thg number of photo-ionizing photons%ecreaggs
the dust. Within this thin layer, the recombination rate will bat !

ance the influx of ionizing photons from the star. Assuming é/afactorof~8. Then boththe line and the continuum disk de-

) .._~crease by the same factor. In addition, the PSF irktHgand is
L%Tﬁﬁ;a;z;ik?if;he order of 16 for the layer, we find that ts comparable to the size of the emitting area of the disk. Itis thus

possible that a significant fraction of the ionized layer’s emis-
Ny ~ 10%n;id2 cm2, (2) sion would be counted as a background “local” gas emission.

Indeed, Ghez et al. (2003b) note that the background emission
whered;s is distance between the star and the disk in units

of 10' c¢m, andny; is the hydrogen nuclei density in units 3 This is so for any distancel because the line luminosity is
of 10'* cm™. This column depth is orders of magnitudejg,, 7d?n;;Ny o< constjg,, according to Eq. (2).
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Fig. 6. Spectral luminosity of the disk'[,) illuminated by star S2 in Fig. 7. NIR light curves of S2 and the disk reprocessed emission for

the three near infrared bands (see legend in the figure) as a functien60® andB = 300°. The triangles show the epochs in which 8dél’

of the star-disk separatiah The disk is assumed to be face-on to thet al. (2002, 2003) observed this star. The corresponding “observed”
observeri(= 0). The model spectral luminosity (see Sect. 3.1.1) of S2ellar luminosity is the model spectral luminosity in #eband cal-

is also shown on the bottom of the plot. The diagonal line shows thelated as explained in Sect. 3.1.1. The diamond shows the model
maximum gas temperature in the disk for the given distance (the scgpectral luminosity of S2 plus the excess in ttieband as observed

is on the right). Note that the star is easily outshined by the disk f@enzel et al. 2003; note that there exists only one detection of S2 in
d < few 105 cm. L’ band so far).

accounts for as much as 50% of S2’s flux. Hence to answer tﬂﬁ

i itativel 4s 1o d h k emission can be much brighter than the star. The dis-
question quantitatively, one needs to do a much more Carqliy .o 4 186 cm is quite large in comparison to S2's pericenter
modeling of the disk emission, i.e. convolving the latter with

he PSE | d of simply adding th 3x10% cm), and is of the order of S2's apocenter. Therefore
the Instead of simply adding the two components. the reprocessed emission could be expected to be large for S2

Finally, 1due to a much faster disk rotation (co_mpa_red 1y the whole of the year 2002.
;5535?855_?5 ﬁri’e?l;?éaedt eilér??r?:ﬁ%;hf?o?netrr?s;g? Ir::]aek- _ Figure 6 also indicates that the optically thick disk assump-
g it more in line with the observed S2 and “local aé” S etl_on may actually break down when the star is too close to the
trugm (Ghez et al. 2003b) 9 PEGisk. Some of the dust species are destroyed (evaporated) wher
' ' the dust temperature is greater than several hundred Kelvin, and
atT ~ 1500 K the dust can be nearly completely destroyed.
3.2. Reprocessed emission of an infinite disk Therefore our treatment is not accuratedog 10'° cm, where
) ) : . _the results will be dependent on the exact disk column depth,
In this section we study the reprocessed disk emission for dig; ) operties, etc. We overestimate the disk emission at these
with no inner hole and with an infinitely large outer radiu§, | gistances, and hence the maxima reached by the curves

(the disk is then a plane). In Fig. 6 we show the disk Speg; ki g will be in reality smaller by factors of a few to ten.
tral luminosity, i.evL,, (integrated over thessteradian of the \oyertheless it is clear that the disk emission would still domi-

sky) for the frequencies corresponding to the infrared b&hds  31a over the S2 emission and this fact will b&isient for our
Ks andL’ (1.81, 1.38 and @9 x 10'* Hz, or 1.66, 2.18 and further analysis.

3.80 ’m,:.’ rr.(jas_;r)ﬁctllvely), S.I:OWFSZS. at;unctltohn of l;hedst:_ar-d;sk One important simplifying assumption that we make while
separatiort. The luminosity o n these fhree bands IS ais erforming these calculations is the following. In Eqg. (1) it is
shown for comparison with the horizontal lines on the botto

fthe fi On the riaht vertical axis of the plot. th : plicitly assumed that the illuminated side of the disk faces the
ot the igure. n Ine rignt verticalaxis otthe plot, the Maximui,se ey, j.e. that the star is in front of the disk. In the opposite
effective temperature in the disk is shown.

Figure 6 shows that the contribution of the disk cann%\tp . o . .
. ) i : proximately, the radiation emitted from the back side of the
be ignored for distancesfew x 10'® cm. S2 radiates in the disk will be reduced by a factor ofl/r. In what follows we

Rayleigh-Jeans regime in the near inirared, and therefore of glect this &ect, i.e. we assume that the front and the back

a small fraction of the star’s bolometric luminosity is em'téide of the disk radiate the same spectrum which is roughly

ted at these frequencies. The disk captures a half of the St%?rect forr not too much larger than unity. In the following

_bo_Iometric luminosity (mostly_ optical-UV) and ré-processeg ures, however, we point out the times when the star was be-
it into much smaller frequencies. Therefore the near mfrarﬁa| d the disk: the thermal disk emission at these times should

4 Here we assume that the star-disk separation is of the order of #feremembered to be smaller than that indicated in the figures
star’s distance to the black hole, in which case a large fraction of by an amount depending anTo show the maximum possible
the disk is illuminated by the star. If instedd ry,, then the line may effect of this complication, we simply turnedfall the NIR
be mainly shifted but not significantly broadened. emission during an eclipse for one particular calculation (see

case the results depend on the mean optical depth of therdisk,
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Light curve of S2 and disk with R, = 0 2.2 pum Light curve of S2 and disk reflection
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Fig. 8. Same as Fig. 7, but assuming that both the stellar and the re-

processed emission are completely unobservable during the eclipggig. 9. Model spectral luminosity of S2 plus the disk reemission at
2.2um as a function of time for disks with= 80° and diferent incli-
nation anglesR;, = 0 for this figure.

Fig. 8). Our main conclusion — a rather unlikely presence of an ) ) o

optically thickdisk in Sgr A— is unchanged, and thus a better 1oorgg>:<|rpu‘m‘ Disk Luminosity when S2 was observed

treatment of the back-side illuminated disk is not necessary. g

3.3. The reprocessed disk emission for S2's orbit 1000 e 4

We now calculate the combined star plus disk luminosity for S2. i
(Fig. 7), first assuming that the disk is inclinedi at 60° and L7
that rotation anglgg = 300°. The triangles show the times
when Sclodel et al. (2002, 2003) actually observed the star.«
The maximum near infrared luminosity reached by the sources
is the same, roughly half the star’s bolometric luminosity, in all =
the three frequency bands. The maxima are reached nearly si- oL/
multaneously around the time when the star physically crosses H
the disk. The very sharp drops in the disk luminosity near the
maxima are simply due to the fact that the disk becomes “too”
hot when the star is very close to the surface of the disk (e.g., e —

. . . 0.0 0.2 0.4 0.6 0.8 1.0
see Fig. 6). In this case the three near infrared bands are on cos(i)

the Rayleigh-Jeans part of the disk blackbody curves and the _ o o
emission is therefore weak. Fig. 10. Maximum spectral luminosity of the disk in the three NIR

. . .bands that should have been detected byo8ehét al. (2003) if an
The part of the light curve between the two maxima Iﬁpticallythick disk withR, = 0 was present in SgriAThe luminosity

~20018 and=20024 is the time when the star is eclipsed bYs shown in units of S2 spectral luminosity as a function of the disk

the disk so that the disk emission should be actually reduGg@ination angle. Note that the disk is always much brighter than the
at these moments as we explained above. In Fig. 8 we sh@¥t in the infrared except for the nearly edge-on orientation.
the extreme case when the optical depth of the disk is so high

that all the emission is absorbed by the disk material during the
eclipse. Comparing the Figs. 7 and 8, we observeghgibopti- constraints unless the disk is oriented exactly edge on to the
cally thickinfinite disk, oriented as in these figures, is ruled owtbserver.
by the existing data. There has been no change ints2snd Finally, we perform a search in the parameter space in a
flux down to~10-20% level for all 10 years of the observationsnanner similar to that done in Sect. 2.3. In particular, we make
(private communication from R. Sobél). a fine grid in the disk orientation parameter space. For every
We test the sensitivity of the result on the disk inclinacombination of cos andg, we determine thés luminosity
tion angle,i, in Fig. 9, where we fix the disk rotation an-of the disk at the epochs when S2 was actually observed by
gle, s = 350, but varyi. Three diferent values of (30, 60 Sclodel et al. (2003). We then pick the maximum of these val-
and 80) are chosen. Only th&g luminosity of the star plus ues. The disiKg luminosity found in this way is the maximum
disk system is shown. The maximum near infrared luminosilyminosity that should have been observed bydsehet al.
reached by the three curves is the same as in Fig. 7, but (8803) for given cosandg. The result is displayed in Fig. 10
times of the maxima and the width of the curves aféedént. where we show the ratio of the disk flux to that of the star for
It is apparent that it is hard to escape the tight observatioia¢ three NIR frequencies, averaged ggeExcept for nearly

/ F, sta

100 &
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Light curve of S2 and a disk with R,, = 0.05" Light curve of S2 and a disk with R,, = 0.1"
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Fig. 11.Same as Fig. 7 but for a disk with an inner holdRgf= 0.05”.  Fig. 12. Same as Fig. 11 but for a larger inner disk hd®g, = 0.1”.

Note the absence of the second maxima in ktheand Ks bands. Note that such a disk does satisfy the observational constraints: there

However thel’ band excess is still much larger than observed. are no eclipses or transient brightening in Kaeband due to disk re-
emission of the star’s radiation.

edge-on disks, the reprocessed emission should have beerfiilar eclipses that we studied in Sect. 2 (see also Nayakshin
tected by now. Since thigfect has not been observed, we caf Sunyaev 2003). The luminous stars emit most of their radi-

rule out the existence of an optically thick disk with no inneition in the visible and UV ranges. The disk re-processes this
hole in Sgr A. emission in the NIR band which then appears much brighter

than the star itself in the same frequency. We have seen that the
reprocessed NIR disk emission is up to a factor of 100 higher
3.4. The case of S2 and disks with empty inner than that of the star. At the same time eclipses yield fiece
regions of order unity.

- : : . Analyzing the predicted NIR light curves for S2 we found
We now perform similar calculations but allowing the disk 4 yzing b 9

) ) . . t an optically thin disk with a very small inner hd¥ =~ 0
have an inner hole of a given sify, # 0. Figure 11 shows the is,ruled out. The disk emission would have been seen by now,

light curves in the three frequency bands for the disk mc"”%ﬂwereas observations do not show any variability irk3gand

ati = 60° andg = 300, with R, = 0.05”. Comparing the light ¢ . o "\ne then tested disks with non-zero valueRgf and
curves with those shown in Fig. 7, the most strikinffetience found that only for rather large values B, = 0.1” are such
is the absence of the second maximum inkthandKg bands. d%,sks permitted

This is due to the fact that there is now only one crossing 0
the disk with the star — in 2001.8 — while the second crossing
shown in Fig. 7 does not occur because there is no inner dskStar cluster asymmetry due to stellar eclipses

for R < Rp. Nevert_helgss _the strength of the first maximum B Sect. 2 we explored the eclipses of the individual stars
such that such a disk is still ruled out.

) , by the putative optically thick disk. To observe such eclipses

_ We then repeated the same calcm;|/lat|on (sammed5) but  ne should be able to resolve individual star's orbits, which
with a larger inner hole radiui, = 0.1". The result is Shown 5 oy sremely dificult and has been made possible only for our
in Fig. 12. Since the star is relatively far from the disk surfagg;|5ctic Center (see Sobél et al. 2003; Ghez et al. 2003a). At
for all of its orbit for these particular disk parameters, thefge same time, similar eclipsesuriresolvedstars of the cluster
are no eclipses or detectable increases inHher Ks bands. ¢4 also be occurring, and hence one may hope to detect the
F,urther, until 2002, the S2 star had not been detected in fjg «shadow" on the background emission of the nuclear clus-
L” band, therefore the light curves in Fig. 12 appear to be ¢qg; |, oing the calculations below, we will be concerned with
sistent with the observations. In fact, we feel that by adjustu&ge optical-UV emission rather than with the infrared, as we
the disk parameters it is possible to obtain tiéband Spec- g6 in the previous sections. Our working assumption is that
tral excess similar to that observed by Genzel et al. (2003). W, yisiple and UV flux incident on the disk is absorbed and
shall explore this in detail in future papers. reprocessed into the near infrared emission (see Sect. 3), re-

flecting only a small fraction of the radiation in the visible-UV
3.5. Summary: Constraints due to disk reprocessed range. Hence we treat the disk as an optically thick absorbing
emission surface in this section.
We will only consider disks with no inner holes, i.e.

We have shown that the reprocessed emission of the disk ilRyy = O, since the instrument resolution (for other than Sgr A
minated by the star is a very powerful constraint on the digjalactic centers) is usually worse than the actual non-zero value
presence aridr properties. In fact, thefiect is “stronger” than of Rj,. Note that an enhanced emission from the inner hole
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Fig. 13. Image of the star cluster shaded by a disk with inclination 0.0 0.2 0.4 0.6 0.8 1.0 1.2
anglei = 80C°. The brighter areas correspond to larger line of sight R (Row)

column density of stars (the scale is shown on the right of the figuref__)l,g 14. Anisotropy measure for a “small” disiRe < Reus) and
. ut us

three values of the disk inclination angie; 80° (solid line), 60 (dot-
could in principle be detected, bits asymmetrys currently ted) and 30 (dashed).

impossible to resolve. In addition, the star cluster is assumed

to be spherically symmetric. For this reason the agie no

longer of importance. Instead we define fg& coordinate sys- Here we used in the plane of the sky the common polare)
tem, withzaxis directed straight to us, anéindy as in Fig. 13. coordinates centered on the black hole. We also defit?éd)
Thex axis is positive where the disk is closer to the observerin an analogous way and themN2(r) = N2(r) — (N(r))2.

We also define the column density of stars along the line of The anisotropy measure is independent of the disk orien-
sight, N(x, y), as the integral of the star densityR), through tation in the plane of the sky (i.e. angk see Fig. 1). It is
the line of sight from the disk to the observer, located at infinitgJso independent of the absolute luminosity of the star clus-

o0 ter. Figure 14 shows the anisotropy measure for threrent

N(x, y) = f n(R)dz (3) values of the disk inclination angle as a function of radius

z in units of the disk radiuf,. For small inclination angles,
wherez = —oo if the line of sight does not intercept the disk < 30°, A(R) is nearly zero in the innermost part of the disk
projection, andz = zjisk, the respective-coordinate of the since there is little variation itN(x, y) along the circle with
disk in the opposite case. For exactess, we take the sphericrlly R, cosi. However forR > Ryt Cosi, the projected semi-
symmetric density profil&(R) « R with o = 1.4 for R < minor axis of the disk, the anisotropy measure is as high as 0.3,
Reusp~ 107 given by Genzel et al. (2003) and consider the cagghich is due to the high contrast betwed(R, 0) andN(0, R).
whereRout < Reusp The case of the moderate inclination angle,60° shows that

In Fig. 13 we show the resulting map of the stellar columghe anisotropy measure increases in the innermost parts of the
density for the disk inclination anglie= 80°. The projection cluster, and there is again a maximum arofe Ry, COSi.
of the disk shadow is clearly seen. The boundaries of the difkis maximum appears to be the feature with which one may
appear as sharp discontinuities in the surface brightness of #il@mpt to identify the disk inclination angle, if radiRg, of
star cluster. Thisféect is strongest near the side of the disk th@ie disk could be inferred from independent considerations.
is closer to the observer (positixan Fig. 13). Finally, the case of a very highly inclined disk,= 80, is

Also note that the star cluster image appears anisotropici@astly a declining curve (aftd® = Ryt COSI).
all scales smaller than the disk outer radius. This fact allows us This method has the advantage that no individual stellar

to introduce an “anisotropy measuré, defined as orbits are needed. As the time scales for disk evolution are very
long, data collected over many years and even tens of years may
A(r) = \/ANZ(f) @ be combined to try to resolve the innermost region of the star

N(r) cluster.

where N(r) is the angle-averaged number count of stars at ) )
projected distancefrom the star cluster center away: 5. Discussion

R 21 In this paper we studied three ways to detect the disk presence
N(r) = Zfo N(r, ¢)dg- ®) intheinfrared and opticAllV frequencies, and we then applied
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them to the particular case of Sgi ANMe found that the orbit (Genzel et al. 2003). While this is not physically impossible,
of star S2 alone requires the disk to be optically thin with netire presence of the dust irfTas 10° K gas is somewhat prob-
infrared optical depth no larger tha#®.01. We now discuss in lematic as the dust can be destroyed by sputtering in such a gas
greater detail the physical motivation for believing there mdg.g., Draine & Salpeter 1979). Our estimates show that all but
be a disk in Sgr A, and the implications of this paper’s resultshe largest interstellar grains would be destroyed by the sput-
for the disk hypothesis. tering by the time the gas reaches radii of the order of S2’s
pericenter. We suggest that the re-processing of the stellar radi-
ation in a putative disk could be an alternative way to explain
the infrared excess of S2. Whereas an optically thick disk that

Sgr A* is thought to be physically similar to Low Luminositywe explored in this paper produces in fact too strong an excess,

AGNSs (Ho 1999) since as long as radiative cooling is not i) optically thin disl_< .(Wit.h “right” orientation ‘T’ma‘” values)
portant, the dynamics of the accreting gas should be indepgﬂpearS to be promising in this regard (see Fig. 12).

dent of the actual accretion rate (e.g., see review by Narayan

2002). Ho (2003) noted that cold disks seem to be one of t8€2. Constraints on the disk in Sgr A*

established features of LLAGN. From spectral energy distri-

butions and from profiles of the double-peaked emission linés2.1. Optically thick disk

the inner radii of these disks are in the rande”-10°Ry (See g e have shown in Sect. 2, the so far absent eclipses of the

Quataert et al. .19.99; Ho 2003)_' By analogy, such a disk can&gr S2 (Schdel et al. 2002, 2003; Ghez et al. 2003b) require
expected to exist in the Galactic Center. an optically thick disk to have a relatively large inner hje=
Furthermore, Nayakshin & Sunyaev (2003) suggested thajy x 10-2 arcsec (or equivalently few10' cm). A hole with
star-disk crossings may be the process that emits X-ray flafggése dimensions is not unreasonable (e.g., Nayakshin et al.
observed in Sgr ABagandt et al. 2001; Goldwurm et al. 2003). However in Sect. 3 we showed that the disk reprocessed
2003). While crossing the disk, the stars drive shocks into tegnission yields an even stronger signature than eclipses. We
disk material; the gas is heated to temperatures of the ordefqfnd that the disk with no inner hole and a very laRig; is
10’-10° K and emits X-rays. Nayakshin et al. (2003) showeigcompatible with the observations for any combination of disk
that the number of star-disk crossings per day, given by the @fentation angles. We then tested the case of a non-zero value
served distribution of stars in Sgr'AGenzel et al. 2003) is for R, and found thabnly disks with inner holes as large as
close to the observed rate of X-ray flaring (Bag&i2003);the 0,17 ~ 10'® cm ~ 10°R, yield NIR “echoes” that are weak
predicted flare duration and multi-frequency spectra are inegough to escape the observational constraiAts such, our
broad agreement with the observations. Nayakshin (2003) algguits are in complete agreement with the previous results by

suggested that the disk may be dfeetive cooling surface for Faicke & Melia (1997) and Narayan (2002), who also ruled out
the hot Winds, and that the hot flow is essentia”y frozen at Iarg% existence of aoptica”y thick disk with R =0in Sgr AF

radii, preventing it from piling up at small radii. This sugges-
tion could be a part of the explanation for the observed dimness ) o
of Sgr A, although there are other possible explanations (se&-2- Optically thin disk

e.g. the review by Quataert 2003, and further references thefg)s possible to make rough estimates on how optically thin
Levin & Beloborodov (2003), using data of Genzel et athe disk should be to satisfy the observational constraints. For
(2000), recently concluded that most of the innermost yougils we simply assume that the opacity of the grains is gray,
bright Helium-I stars (that are thought to “feed” Sgf My in which case the grain temperature should be equal to the ef-
producing powerful hot winds) line up in a single plane. Thifctive one (Eq. (1)). Then the disk spectral luminosity is that
result makes it very likely that these hot young stars may haygculated in this paper but scaled down by factorof« 1,
been created from a single large molecular cloud that was cafhere is the grey disk optical depth in the NIR. Referring
pressed to high densities that led to star formation. Itis not pegw to Fig. 7, we see that in the maximum tde band disk
sible that all of the gas in the molecular cloud would turn intgpectral luminosity exceeds that of the star by a factor of sev-
stars; the remainder would have to form a relatively massiggal hundredKs flux did not vary within 16-20% uncertainty
gaseous disk, similar to the bright disks of AGN. A tiny nofuring the last 10 years of S2 observations (private communi-
accreted remnant of the original disk could then still be presefitions from R. Genzel and R. Sufel). On the other hand the
(Nayakshin 2003; Nayakshin et al. 2003). background cluster emission accounts for as much as 50% of
Finally, Genzel et al. (2003) report discovery of an infrarettie flux inKs band (Ghez et al. 2003b), and hence we estimate
excess in the spectrum of S2 in 2002 (e.g., see Fig. 7) as cohat the optical depth of the disk at 2«&h should be no larger
pared to other similar sources in the region. Namely, S2 apant ~ 10-2. However, ifR, # 0, the constrains imposed by
peared to be brighter by0.6 mag in thed = 3.8 um (L’ the 2002 measured positions can be relaxed and a larger optical
band) compared to what is expected from the spectra of otllepth might be consistent with the observations.
bright nearby stars. Such an excess is usually interpreted as ev-To produce X-ray flares via star-disk interactions as lumi-
idence for dust presence around the star (e.g., Scoville & Kwaaus as observed, the mid-plane surface density of the disk
1976). In the absence of the inactive (dusty) disk, the onlyas estimated by Nayakshin et al. (2003) at around h-
source of dust would have to be the Aots 10° K flow itself drogen nuclei per cf(although we note that due to the

5.1. A cold disk in Sgr A*?
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simplicity of the calculations this value is uncertain by up to The strongest of the thredfects considered in the paper
a factor of 10). With this the disk surface densBEywas esti- turned out to be the re-processing of the stellar visible radi-
mated a ~ 1 rj’z g/cn?, wherer, is disk radius in units of ation into the near infrared bands (Sect. 3). We found that if
10* gravitational radiiRy. ForR = 0.03” ~ 4x 10°Ry, we have anoptically thick diskwere present in SgrAthe reprocessed
T ~ 0.2 g/en?. Using the standard interstellar grain opacity aneimission of the bright star S2 would have been observed by
dust-to-gas mass ratio, one gets opacity apdfr,, ~ 0.6 now in allH, Ks andL’ near infrared bands. Since this contra-
(see Fig. 1 in Voshchinnikov 2002). Such a disk would violatgicts to the data, an optically thick disk would have to have a
the constraints that we obtained in this paper. Even assumiather large inner radiu&i, 2 0.1” ~ 10°Ry ~ 10*¢ cm.
that Nayakshin et al. (2003) overestimated the mid-plane den- At the same time, the observetiband excess in S2's spec-
sity by a factor of 10, the NIR opacity still appears to be a littlBum in the year 2002 (Genzel et al. 2003) is most naturally
too large. interpreted as a signature of the re-processing of S2 stellar ra-
On the other hand, the dust grains are destroyed with edtttion in this band. We estimated that the disk invoked by
star's passage. The smallest grains are especially vulnerab¥&yakshin et al. (2003) would have the “right” dust opacity
such destruction. Of course when the star leaves the disk, ifnée minimum size of the grains in the disk would be about
dust will reform. With the gas densities as high as' @3, 30 um. Such a large minimum grain size may be the result
the dust grains could grow at a rate as large as t@yyear of the unusually high (by interstellar standards) density in the
(Nayakshin et al. 2003). In addition, because only the larggek and the too frequent stellar passages through the disk.
grains survive the star passages, the large grains will grow préhereforepoth the X-ray flares of SgrAand the mid-infrared
erentially. Therefore, the combination of the repeated dust decess of S2 in 2002 may be the result of the interactions of
struction and dust growth could create larger grains than in tptars with an optically thin inactive disk.
interstellar medium. Using the optical constants from Draine
& Lee (1984) and a simple Mie theory code to compute dugtknowledgementsie thank R. Genzel and R. Sl for useful
opacity (provided by C. P. Dullemond), we estimated that f@ggmments and preprints of their new unpublished work. We also ac-
the standard dust-to-gas mass ratio #10the NIR opacity is knowledge the expertise and computational help of C. P. Dullemond

reduced to a-1/10th of its interstellar value at 2/2m if the in estimating the dust opacity and the resulting disk spectrum. Finally,
typical grain size is &30 um. we thank the referee, W. Duschl, for comments and suggestions that
improved the quality of presentation of our paper.
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