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Abstract. Sgr A, the putative black hole in our Galactic Center (GC), is extraordinary dim in all frequencies. Apparently the
black hole is unable to accrete at the Bondi accretion rate for some reason. Another mystery‘at3ige Aecently discovered

large magnitude and short duration X-ray flares (Bagfagtoal. 2001). Here we point out that X-ray flares should be expected

from star passages through an inactive fpemerlyaccreting) disk. There are thousands of stars in Sgstéllar cluster, and

each star will pass through the disk twice per orbit. A shock hot enough to emit X-rays is formed around the star when the latter
is inside the disk. We develop a simple yet somewhat detailed model for the X-ray emission from the shock. The duration of the
flares, their X-ray spectra, frequency of events, and weakness of emission in the radio and near infra-red appear to be consistent
with the available observations of X-ray flares. We therefore suggest that at least a fraction of the observed flares is due to the
star-disk passages. Such star-disk flares are also of interest in the nuclei of nearby inactive galaxies, especially in connection
with perspective Constellation-X and XEUS X-ray missions.
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1. Introduction are much hotter than the electrons in the inner region of the
. . flow — has not yet been independently verified. Initially it was
1.1. Sgr A*: Underfed X-ray flaring black hole believed that these flows carry (“advect”) most of their energy

With the current high quality data (e.g., Sutel et al. 2002; into the bl_ack hole, radiating very little on the way._SeveraI
Genzel et al. 2003; Ghez et al. 2003a,b) it seems very saf¢/§3rs ago it pecame clear that these hot flows also drive power-
say that the center of our Galaxy hosts a supermassive bifgithermal winds (Blandford & Begelman 1999), so the accre-
hole, with Mgy ~ 3 x 10° M. The black hole is associated!On rate onto the black hole is S|gn|f|car_1tl){ reduced. This the-
with Sgr A* source, the compact radio core (Reid et al. 199 [etlcal plctu_re seems to be confirmed in its gross features by
discovered by Balick & Brown (1974). Thanks to Chandra o€ observations (e.g., Narayan et al. 1995; Bower et al. 2003;
servations (Bagaribet al 2003a), we know that there is enougfeuataert 2003), although radio jets may be an important addi-
of hot gas at distances of the ordet0'7 cm (or~1") to make tional ingredient of the model (Falckg &_MarﬁchOOO; Yuan
the black hole glow at aroundfew x10% ergs? if accretion ©t al. 2002)_. Th.ere are also aIternat.Ne ideas that may e?<pla|n
proceeds via the standard radiativefijaent disk (Shakura & the low luminosity of Sgr A (e.g., Melia 1994; Coker & Melia
Sunyaev 1973). However the observed bolometric luminos#y00; Proga & Begelman 2003).
of Sgr A" is 4 orders of magnitude smaller than expected (e.g. The recently discovered X-ray flares in Sgr Bagandt
Zhao et al. 2001; see also review by Melia & Falcke 2001). Tigé al. 2001) brought further theoretical challenges. The X-ray
luminosity in X-rays is even smaller and44.07 of the nomi- flares happen at a rate of about one per day (Goldwurm et al.
nally expected numbers (Bagahet al. 2003a). Understanding2003a; Bagan et al. 2003b). The X-ray luminosity during
of this discrepancy is the key to accretion physics at low ade flares exceeds the quiescent one by up to a factor of 100
cretion rates which encompasses a very large scope of gthough most of flares are weaker than that). Flare durations
jects from galactic centers to stellar mass compact objects (e"gnge from~1 to 10 ks. The X-ray spectrum of flares is harder
Narayan 2002). than the quiescent one. The follow-up multi-wavelength cam-
The currently leading explanation of the low luminosit@aign of Sgr A has not detected significant variability in any
from Sgr A is the Non-Radiative Accretion Flows (NRAFs)0ther band except for X-rays (Bagahet al. 2003b; see also
which were discussed in great detail first by Narayan & wilornstein et al. 2002). This latter fact is particularly troubling

(1994). The corner stone assumption of this model — that io¥i§ce in all the current models the X-ray flares occur at the in-
ner part of the flow that emits Sgr*Aadio emission. Thus the

Send gfprint requests toS. Nayakshin, challenge is to understand why such a large variation in X-rays
e-mail: serg@mpa-garching.mpg.de does not lead to flares in other frequencies.
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1.2. Cold disks in LLAGN and Sgr A* therefore they can escape the near infra-red (NIR) detection

It is believed that accretion flow physics at low accretion rattlaign Its that rule out standard steady-state disks.
phy Falcke & Melia (1997; FM97 hereafter) probed the exis-

should be largely self-similar (e.g. Narayan 2002) and the : S ) . .
difference is just in scales (e.ilsy and accretion raté/). tence of the disk through its interaction with the winds from hot

Therefore Sgr A is expected to be physically similar to thestars. This wind is believed to be the source of the hot gas that

Low Luminosity AGNs (LLAGN: e.g. Ho 1999). Most of should be accreting on the black hole. FM97 assumed that the
LLAGN appear to posses thin cold disks. The presence of th(\:fv?']gd runs into and settles down onto Fhe d'Sk’ releasing the me-
disks is deduced convincingly through (i) water maser em& anical energy as black-body radiation on impact. They found

sion (Miyoshi et al. 1995); (ii) infrared “bumps” in the spec-t%at unless the wind has a large specific angular momentum (so

e hat it cannot penetrate to small radii), the luminosity expected
tral energy distribution of LLAGN (Ho 1999) that are though} . : L
(Quataert et al. 1999) to be the thermal disk emission (wi&rﬁ the NIR violates the ayaﬂgble I|m|t§ on Sgr Ahus mak-
disk temperature$ < 10° K); and (i) the prevalence of the ing the existence of the disk in Sgr Ainlikely (see also Coker
double-peaked broad emission lines (e.g. Ho 2003). The ouftef

t al. 1999).
radii of these disks are poorly constrained, whereas the inner New data show that eleven out of twelve wind-producing

disk radii (from the SED and the emission line profiles) are ffars rotate in the same (coun_ter—GaIaxy)_direction_(Genzel
the range~100-1000Rs, whereRs = 2GMgy/c2. For refer- 2000). These and other hot luminous stars in the region share

: : ; he same puzzling property: they are quite young (Ghez et al.
ence,Rs ~ 9 x 10! cm is the Schwarzschild radius for thd _ e
black hole mass gy = 3 x 10° Mo 2003b; Genzel et al. 2003) and it is unclear how these stars

Such a disk may also exist in our GC. There appear to H@d? i_t.t_o the innermost arcsecond of the Galaxy. Qne of the
several ways to test the disk hypothesis: (i) through eclipsesp(?fss'b'l't'es is that these ;tars were created_ from a single large
close stars (Nayakshin & Sunyaev 2003); and (ii) the reproceggqleCUIar CIQUd that fell into the Iner reglon of the Galaxy
ing of the optical-UV radiation of these stars in the disk into t ‘@f'th a small impact parameter. This cloud could have created

near infrared (NIR) band, which can yield a strong increase rc?th the stars and an accretion disk whose (tiny not accreted)
gmnant may still be theteNote also that matter in the ac-

the perceived NIR flux of the star. The current data alone rL[:retion disk flows inward andutward from the characteris
out a diskoptically thickin the NIR (Cuadra et al. 2003). P . . B
P y ( ) tic (circularization) radius (Kolykhalov & Sunyaev 1980). It is
thus not possible to accrete all of the disk in the active phase

1.3. X-ray flares in Sgr A*: Star disk interactions? without leaving a remnant.

In this paper we point out an additional test of the inactive Nayakshin (2003) recently showed that, in the setting sim-

disk hypothesis. Recent results of Genzel et al. (2003) shBW to FM97, the hot flow rapidly looses its heat to the inactive
that there are as many ad0* stars in the inner arcseconodiSk' The latter re-radiates this energy in the infrared. As the
(~10P Rs) of Sgr A°. Several of these statsossthe inactive hot gas looses heat, it also looses vertical pressure support, anc
disk every day. While inside the disk, the stars drive strong afig & result condenses onto the inactive disk. The accretion flow
hot shock waves in the disk material, and emit X-rays. In thid the radial direction is essentially terminated. Thus the hot

paper we shall build a simple yet somewhat detailed and séJS 1S accreting not on the black hole but rather on the inac-
contained model for such X-ray flares. tive disk. Since the stellar wind sources are a few arcsecond

Such star-disk flares have a potential to naturally expla§fire"V > 10° R) away from Sgr A (e.g. Genzel et al. 2003),

why there are no counterparts of X-ray flares in the radio. THE Circularization radius is probably large (eL0* Ry). The

star-disk collisions typically occur at rad® > 10 Rs, that is UMinosity emitted by Sgr Ais very small in this model be-

far from the region from which the radio emission originateé:.ause the gravitational potential at the condensation point is
The problem of X-ray flares from star-disk passages meriti%y compared with that of the last stable orbit around the black
le.

careful study even if there is no disk in our own Galaxy. Simil
X-ray flares may be detectable in other LLAGN, especially the

close ones such as M 31 or M 32 (Ho et al. 2003). 2.2. Disk temperature (and NIR optical depth)

First consider a disk optically thick in all frequencies. Rt
be the outermost radius of the disk. Since the disk is inactive,
2.1. Arguments for and against a disk in Sgr A* the efective temperature of such a disk does not behave as the

_ . usualTq o« R34, For exampleT 4 appears to stay nearly inde-
Ifthe putative accretion disk were of the standard type (Shakug, jent of radius for quiescent disks of eclipsing dwarf novae

& Sunyaev 1973), then it would have been seen by now e &g. Figs. 5 and 6 in Bobinger et al. 1997).Tif ~ const

if accretion rate is as small as FMo/year (Narayan 2002). then the disk total energy output is dominated by the emis-

However at very low disk accretion rates hydrogen in the digk,, fom outermost radii. Accordingly the disk luminosity is

becomes neutral, and the accretion rate plunges to very low

values (e.g. see review by Cannizzo 1998; see also Eq. (12)\e have recently learned that, using data of R. Genzel's group,

below). This is why these disks are inactive, i.e. not accretingvin & Beloborodov (2003) found that 10 out of 13 wind-producing
In addition, these disks seem to miss their inner regions fog@rs may lie “exactly” in a single plane, which further confirms our

variety of reasons (e.g., Quataert et al. 1999 and Sect. 3.2) anghestions.

2. Constraints on the disk properties
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Lg ~ 27rR§o-BT§. In order to satisfy observational constraintthe apparent star brightness. Using the deduced S2 orbit and
on the total luminosity of Sgr Ain quiescencelq, this tem- its spectrum, Cuadra et al. (2003) finds that the disk, if any,

perature must be smaller than must be optically thin in the NIR. An optically thin disk is
4 v/ alloweq. Unfortuna}tely these constraints are not easily con-

Ty < [ Lq } — 77K L3 (1) verted into constraints on the total column depth of the disk,
27rR§ CoSiog cosi”“ri/z’ (see Sect. 2.8), because the properties of the dust grains in

the disk are very uncertain (see Sect. 7). We also checked that
wherelgs = Lq/10° ergs?, rs = Ry/10°Rs. We shall see the disk thermal emission, and that of the photo-ionized layer
below that the disk is unlikely to be very optically thick so then the top of the disk, are negligible in both the radio and
disk midplane temperature should not exceed ffecéive tem- NIR frequencies.
perature by a large number.

The disk should also re-radiate the visible and UV radiatiOé\
of the Sgr A star cluster itself. We use the latest results on
the star number counts in Sgr &luster from Genzel et al. Pressure equilibrium argument. In the frozen accretion
(2003), together with the fact that the total luminosity of stafsodel of Nayakshin (2003), the inactive disk and the hot ac-
in the central parsec of the Galaxy is about 50 million Solaretion flow are in direct physical contact. Thus the disk mid-
luminosities (o) (Genzel 2000). We first calculate the light tqplane pressure should be at least as large as the pressure in
mass ratio, and then use Eq. (15) to find that the integrated lighe hot flow. Assuming the disk consists mainly of molecu-
of the star cluster within radiuR is lar hydrogen Py ~ kngT4/2, whereny is the midplane den-

32 1 sity of hydrogen nuclei in cn¥. The density in the hot accre-
L.(R) = 21x10' Lo r)* ergs™. tion flow can be estimated through ~ 47rR2vgrMmyNhot, Where
The flux incident on the disk is thef.(R) = L./47R2, and the 'R ~ @ VGMgn/Randa = 0.1ey is the viscosity parameter
resulting éective temperature due to stellar radiation heating{Shakura & Sunyaev 1973). This yields

M'T’ (3 x 10¢ RS)3/2

Re
which is afact_or of3 h|ghe.r tha_n the value in Eq. (1). This OVE[o areM” = M/3 x 10-6 M, yearl is the accretion rate in the
produces the infrared luminosity of Sgt Ay about a factor of , IS .

. . “hot flow, T’ = Thot/3 x 10" K is dimensionless temperature of

a hundred (e.g. see Sgr Apectrum in Falcke & Melia 2001; ! . i o ) -

) . . ' the hot flow,R. is the wind circularization radius, anth =
Narayan 2002). Therefore the disk must be optically thinin t i . .
. . . e : .~ T4/100 K is the disk unperturbed midplane temperature.
infrared frequencies or highly inclined with respect to our line
of sight. An estimate shows that for not too small disk inclina-
tion angles the infrared optical depth of the disk should be fotal accreted mass argument. If condensation of the hot
larger than about 0.01 at frequeney0'® Hz. flow has been going on for a tintg, then the mass accreted
by the disk from the wind iAM ~ Mt,. If the accreted mass is
deposited over areanrRZ, then the accreted surface density is

5. Minimum disk density

T. =190 Kr, "8, B) ng = 1.5x10° cm3

(4)

a1To

2.3. Disk size

2

The quiescent spectrum of Sgt #& in a rough accord with the AZy ~ 3 g/en? M’taﬁ(w) , (5)

data if the main part of the hot flow condenses onto the cold Re

disk at radiusR: 2 3 x 10*Rs (Nayakshin 2003). The valuewheret,s = t./10° years. This translates into the disk density

of R. could be however reduced if the exact accretion rate jifcrease of

the condensing flow is lower than the Bondi estimate (due to 0 Re\ 72

arguments mentioned in Sect. 5.2 of Narayan 2002). Therefagg, ~ 4 x 101° cm™2 M’taeTz_l/Z (M) . (6)

we estimate the minimum disk outer radiusRys~ 1-10 x Re

10 Rs. There are no strong constraints based on the condensfings estimate yields a larger value for the minimum disk den-

flow model (Nayakshin 2003) on the inner disk radiRs,as sity than does Eq. (4), so we conclude that the minimum disk

long as it is at least a factor of few smaller tHan density is in the range offew x 10'° hydrogen nuclei in cfh

Note however that the above arguments are applicable to the

2.4. Constraints from close bright star passages disk radil withR ~ RC,__and unfortunately they cannot be ro-
bustly extended to radii much smaller than that.

Close bright stars could be eclipsed by the disk is opti-

cally thick in near infrared (Cuadra et al. 2003; Nayakshin . .

Sunyaev 2003). Based on the measured S2 star’s orbid)(féd:h'%'a Disk thickness

et al. 2002; Ghez et al. 2003b), if the disk is optically thickhe disk half thicknesdi, is given by the hydrostatic balance

and has an inner hole less thaf.01” ~ 10°Rs, then the (we neglect self-gravity; see below):

outer disk radius may not much exceed Rg. However re-

processing of the optical-UV radiation received by the diﬁl_/} _ KTR 1012 TY/23/2 7
from the star into the NIR band could significantly increase '\ GMgnum, 39X 10%T,r" em )
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where we assumed that the gas is dominated by molecular By9. Summary of disk properties
drogen squ ~ 2my,. Note that the star's radius-{0' cm) is
much smaller than the disk height scale Rr> 10°Rs. The
disk is very flat sincéd/R = 0.96 x 10-3T)/%r,/%.

Using quiescent Sgr Aspectral constraints, we found that
the disk temperature should g ~ 100 K. The disk den-

sity should be small enough to preclude it from being self-
gravitating and large enough to accommodate the mass depo-
2.7. Mass of the disk and maximum density sition from the hot flow settling onto the disk. The respective

_ _ _ _ ~ maximum and minimum values of the disk density (according
The mass of the accretion disk with a constant (with radiug) Egs. (6) and (10)) arefew x 1013 and~few x 10° cm3 at

midplane density and temperature, is radiusR = 3 x 10*Rs. If wind circularization radius idR; =
" 10*Rs then thes_e valt_Jes increz_asem_fbo15 and_~2 x 1012 ¢cm3, _
Ma ~ 0.1 Mo n 12 ) respectively. With this range in disk density and also possi-
d= e 1 Rs 27 bly large dynamical range between the inner and outer radii

the disk can be either optically thin or thick in both X-rays
whereny; = ng/10" cm 3 is the midplane density of hydrogenand NIR. The disk has to be optically thin in the NIR frequen-
nuclei.Mq is much smaller than the black hole mass so that thees (see Sect. 2.2).
disk is not globally self-gravitating (i.e., in the radial direction;
Shlosman & Begelman 1989) and will gravitationallyinflu-
ence stellar dynamics in SgrAThe disk is locally (vertically)
self-gravitating whenQ = Mg/(H/R)Mgy 2 1 (Goldreich 3.1. The rate of star-disk crossings
& Lynden-Bell 1965; Kolykhalov & Sunyaev 1980; Gammi
2001). We have

3. The role of the star cluster

SThe distribution of stars in the central sub-parsec region of
the Galaxy has been a subject of intense research for many

My years (see review by Genzel 2000). Existence of a stellar cusp
= F/RMon 5.0x 107 rny, (9) with density distributior.(R) « R"-7 has been predicted by

BH Bahcall & Wolf (1976). Alexander (1999) found that a power-

i.e. the disk is not vertically self-gravitating as well for thd2W stellar density distribution with exponeptbetween 1.5
nominal values ofly andRy in this equation. We can turn thet© 1.75 is statistically slightly favored over a constant density
question around to derive the maximum disk density as the d@R€- With unprecedentedly high statistic, Genzel et al. (2003)
sity at which the disk would become self-gravitating. In th@étermined the stellar density distribution to follow the law
I{;\tter case i_t would presumably brt_aak up into self-gravitating [ po(R/R)™P, R<Ry
rings or regions and the star-disk impacts would become todR) = 0u(RIR)2, Ry < R

rare. Hence,
whereR, = 10 arcsecp = 14 + 0.1 andp,o = 1.2 X
na s 10,3, (10) 10° Me/pc’. Note thatp.o = 69 Mo/arcsed. This power-law
distribution may persist down to the tidal disruption radigs,
Forr, = 3 Eq. (10) yields maximum densityfew x1013 cmr3,  Which is, according to Frank & Rees (1976),
Note that Eq. (10) is applicable for any radiysn contrast to ~20x 108 emmY3 14
Eqgs. (4) and (6). Re=2 M T (14)

Q

(13)

wherem, is the mass of the star in Solar masses,ranglstellar
radius in units of Solar radius.

2.8. Column depth and accretion rate For convenience we chooge= 3/2 as the resulting inte-

The disk surface density B~ 2Hngmy, and is equal to grals are the simplest and the resulting accuracy is adequate for
this paper. The mass of the stars within a given raBiiss
T =13nur)*T,%g em™. (11) M(R) = 600 M, (R,R)*?, (15)

It is therefore clear that with the minimum and maximum diswhere bothR, andR are in units of arcseconds. For example,
density values just found, the disk can be either optically thfi{ R = 0.1, 1 and 10 arcsec, we hav€00, 2x 10" and 6 x
or optically thick to X-rays, and we should explore both case$0” Mo, respectively.

We can also calculate the accretion rate through the disk asNUMper of star-disk crossings per unit time and unit area

N 2 : : is . (R (R) =~ (1/ V3)n.(Rwk(R) wheren.(R) = p.(R)/m,

My =~ 2rRZacs(H/R)=, which yields At ) K
andv, (R) is the average of the star’s velocity perpendicular to

) M the disk, which we accepted to bg 3 of the local Keplerian

10 Vo 7/212 . . .

Mg ~ 107 —yearan“r“ T3 (12) valuewk (R). Taking the integral over the disk surface area from

the inner radius to the outer one, the number of star-disk cross-

Note that (i) this accretion rate is extremely small; (ii) it is ndf'9S Per unittime is

a constant with radius since the disk is not a steady state one > Rg Ry
and of course in a real disk density, will vary with radius. ~ N(R) = (47/ V3)VGMenn.oR; I R - 0.51In ﬁm*l (16)
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in units of day®. If Ry/R = 500, then this estimate yieldsdominated by stellar impacts. The accretion rate through this

~3 star-disk crossings per day, whereaRjfR; = 10 then we disk would have to be quite small to comply with Sgt de-

have~1 crossing per day. The estimate (16) is very close tection limits.

the observed rate of the X-ray flares of about 1 flare per day

(Bagandt et al. 2003b). 3.3. Summary: The role of the Sgr A* cluster

We have shown (Sect. 3.1) that the rate of star-disk crossings

is few per day for the stellar cusp distribution given by Genzel

Under the assumption that the disk is truly inactive, i.e. its viet al. (2003) This calculated event rate is rather close to what

cosity is zero, the only mechanism for a radial mass transfsiobserved (1 flare per day). In addition, we found that the star

in the disk is the angular momentum loss due to the star-digkpacts on the inner disk are so frequent R 10°Rs that

collisions. Ostriker (1983) calculated the rate of the anguldre inner disk may be simply emptied out, i.e. accreted onto the

momentum loss by the disk assuming an isotropic star clusteack hole. The inner inactive disk radius was estimated to be

We will use his results for the Bahcall-Wolf (1976) distributiorR; ~ 10°Rs. Below that radius the flow pattern will have to

of stars since the latter yielas(R) «« R""/4, i.e. roughly same change to reflect the too frequent stellar passages. Most likely

as observed (Genzel et al. 2003). For relatively small radii thtae disk will be hotter than it is & > R;.

we are interested in, i.eR < 10*Rs, the angular momentum

transfer from the star to the disk is dominated by the hydrodX— . .

namical interaction (rather than by tidafects) and so we set- Schematics of a star passage through the disk

n = 0 (see Eq. (10) in Ostriker 1983). Ostriker (1983) definegl 1 Background notes

the “drag time”ty as the time for the disk at radidsto loose

all of its angular momentum due to the star-disk collisions. Féhe subject of star-disk interactions in AGN has been exten-

the Bahcall-Wolf (1976) distribution, sively studied in the literature. There were two main themes in
0.09 these studies. One was the influence of the stars on the disk evo-

= = (17) lution through the additional drag imposed by the stars on the

n.(RRZuw(R) disk (e.g. Ostriker 1983; Norman & Silk 1983; Hagio 1987, see

Note thatty o R2, and therefore it is always the inner disk tha!S0 Sect. 3.2), heating (e.g. Perry & Williams 1993) and mass

can be destroyed most rapidly (accreted onto the black hd#§position due to stripping and ablation of star's envelopes

due to the star-disk collisions. (Armitage et al. 1996). Not less important were the studies of

As in Sect. 2.5, suppose that the age of the inactive diskf¢ influence of the disk on the distribution of the stellar orbits
ta = 10°t,s years. Then the disk regions with(R) < t, will be in the star cluster (e.g. Norman & Silk 1983; Vilkoviskij 1983;

significantly dfected by the star-disk passages and thus we ca¥g" et al- 1991; Rauch 1995; Karas & Subr 2001; Vilkoviskij
define the inner inactive disk radi@ throughty(Ri) = ta: & Czerny 2002). Zurek et al. (1994) proposed that the wake
region behind the star (when the star leaves the disk) may be

N(Ri )ta - the putative “broad line region clouds” of AGN. Ivanov et al.

Ri = R 0092tNR /R~ 2.2 x 10° R 4/Nsts, (18) (1998) studied the passage of a black hole through the accre-
tion disk. At the same time relatively little attention has been

whereN;s is the star-disk collision rate in units of @ear?, given to the emission from a single star-disk passage. The point

and where we sd®; = 10° Rs in the slowly changing logarith- is that this emission is usually weak on the background of the

mic factor. Note that the factor in the denominator of Eq. (18)GN and is unlikely to be seen, although thigeets of many

is ~4 so that a simple interpretation of the result is that the diskar-disk collisions may be observable (Zentsova 1983; Perry

area within radius}; approximately equals to the area of thé& Williams 1993).

disk covered by the star-disk collisions fpyears. It is also Furthermore, the optical depth of the dense AGN-type disks

worth observing thalR; depends relatively weakly on the staris enormous, and thus no X-rays would make it out of the disk.

disk collision rateN andt,. Thus X-ray emission from such star-disk passages was not ex-

Finally, the inner disk is also stronglyfacted by means pected. However, in the case of Sgrthe disk density is prob-
other than direct stellar impacts. For example, the S2 staraigly much lower than the typical values considered in the liter-
as luminous as f0Solar luminosities (Ghez et al. 2003b), anature on star-disk collisions so far. In addition, even if the disk
it came to within 2x 10° Rs of the black hole (Satdel et al. midplanedensity is high enough so that the disk is optically
2002). Clearly its separation from the disk surface would iBick, density becomes quite small in the disk photosphere. The
very small at the time of the closest approach and the diskXgay emission is too weak in the context of normal AGN, but
heated to temperatures as much asKLOrhe disk may become not so for Sgr A due to its dimness and proximity.
ionized enough to actually start accreting onto the black hole
(at these small radii only).

Therefore we conclude that the putative disk in Sgrig\
likely to have two physically distinct zones. The inner zon€he star’s internal density is very much larger than that of the
with radiusR < R < R; is likely to be hotter than the inac-disk and so ffects of the disk on the star during one passage are
tive disk discussed in Sect. 2, with angular momentum transfamimal (see Syer et al. 1991). An alternative way to see this

3.2. Effects of the stellar cluster on the disk

tq

4.2. Phases of the star passage through the disk
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Front side X-ray Flare

Optical/IR Flare

Back side X-ray Flare

Q Hot shocked gas

Time

® Super—massive black hole

° Accretion disk

Afterglow
Warm Star orbiting black hole
expanding
gas
re

Fig. 1. Cartoon of a low mass star striking the accretion disk around the black hole and producing the flare. The inset on the left shows sequ
of events when the star passes through the disk. The star is shown as a filled yellow circle with an arrow. The disk is schematically divided
the optically thick (darker) and the optically thin — the photosphere — parts (lighter color). Time runs top to bottom. The X-rays are observa
only when the star is in the photosphere of the disk (first and third sketches from the top). When the star is deep inside the disk (second
the top sketch), the emitted X-rays are absorbed, thermalized and re-emitted in the optical or near infra-red. In the afterglow phase (botton
hot shocked gas cooled to low temperatures and only weak infra-red emission is present.

is to compare the mass of the cold gas swept up by the staffasnt side”, and the other side as the “back” one. With a yet
it travels through the disk, to the stellar mab4.): AM/M, = lighter color we show the region of the disk heated by compres-
AR/M, = 1.4 x 107y, T)/%rd?r?m; ! < 1. We thus con- sion and by radiation to temperatures of ore6®, perhaps up
sider the star to be a rigid solid body in this paper. We cda ~10* K. Finally, the hottest region is the one shown with a
also neglect accretion of gas onto the stellar surface becalasger circle around the star, with temperature of the order the
the corresponding Bondi radius is much smaller tRarRg = characteristic one (Eg. (23)).

GM.my/2KTehadR) = 4.5 x 10°m.ry < 7 x 101, whereTgnar Since the star’s motion through the disk is highly super-
is the characteristic temperature defined by Eq. (23), andsisnic, the disk density remains approximately constant during
close to the local virial temperature. Tidal interactions of thae whole event except for a small region within several stellar
star and the gas in the wake of the star are hence neglectedradii from the path of the star. This means that the region of the

The star drives a shock into the disk. The Mach numberdésk pre-heated by X-rays and the shock will not have enough
very largep. /Cgisk ~ VTeha/ Td ~ 10%, and thus the star drills time to expand much and form a bulge next to the exit point of
a very narrow (i.e. with diameter severaR.) hole in the disk. the star. The disk remains approximately plane-parallel during
If the disk is optically thick, then the X-rays will be observabléhe star’s passage through it, then. A good analogy to the situa-
only when the star, or the shock front, is in the disk photdion is given by a bullet passing through a low density material
sphere. Figure 1 shows the expected sequence of events, (fit8- @ mattress).
time increasing from the top to the bottom. The star is shown For the optically thick disk, the passage of the star through
as a filled circle with an arrow indicating its velocity. The opthe disk can be divided into three stages (cf. Fig. 1):
tically thick denser part of the disk is shown with a darker (1) The thermal burst stage — the star is inside the opti-
color, and the disk photosphere with a lighter one. For conwlly thick part of the disk. X-rays are absorbed within the disk
nience we call the side of the disk impacted by the star first thad re-emitted as thermal radiation in the infra-red or optical.
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This is the regime in which the star passages were extensively Within this approach, the optical depth of the disk in the
studied in the literature. relevant photon energy range along the line of sight to the ob-

(2) The X-ray flare phase — the star is in the disk phot§€Ver1s
sphere. The X-rays are directly visible to the observer in this b
phase. In the simple semi-analytical treatment of this pap€r, E”THnd’
we will not make distinction between the front-side and the
back-side flares, although in reality the observed emission Wil . -
depend on the 3D geometry of the problem through i.e. obs&ﬁ-s“” optically thin:
ration of a part of the shock by the star itself.

(19)

pich yields the maximum midplane density for which the disk

, Mg < Not = 3.86x 10152 71727372 (20)
(3) The “afterglow” phase — the star is many stellar radii b

away from the disk. The X-ray emitting gas cooled down tQq et v, be the star's 3D velocity. We define the relative

temperatures below10’ K and is not observable anymore (du€elocity of the star and the gas in the disR, = v2 + 0% -
to high interstellar absorption to Sgri A patch of the disk 2, ;, coss,, whereg, is the angle between the two velocities.
around the trek of the star is still *hot” compared with the uny, general one needs to carry out calculations for arbitrary

perturbed disk, and is cooling mostly by black-body emissigfhqg, and then integrate over the 3D stellar velocity distribu-

coming out in the infra-red (e.g. Syer et al. 1991). tion. Here we use the simplest approach and take the star ve-
If the disk is optically thin this division does not apply sincéocity be perpendicular to the disk surface, ée= n/2. Since
there is essentially only one stage. we also assume, = vk = 2.1 X 103r;1/2 cms?t, we have
Urel = \/EUK-

We shall emphasize that in a more detailed calculation the
role of the exact values f@& andu, will be instrumental in de-
tgfrmining the flare characteristics. Moreover, the exact 3D ve-

the given problem since itfects both the hydrodynamics andocny of the star will also be important. For example, if the star

the expected spectra. Therefore, the parameter space for'Jnaoving away from the observer, then the leading edge qf
; ) ._the’bow shock is obscured from the observer by the star. This
problem naturally breaks down into two important cases: o

Bf_fect is not taken into account in our calculations. Thus we

tically thin and optically thick (disk). We will consider theseSh uld keep in mind that the calculations below are meant to

cases separately below. In addition, there is further dependehc . . : S
of the results on whether the cooling time of the shocked gQ% representative and in reality a larger variation in the spectral

is shorter, comparable or longer than the adiabatic expans;donnd temporal characteristics of flares is expected.
time (see below). Altogether we have six cases each of which

may lead to dierent expected flare spectra. Some of the resuii-1.2. Flare duration and rise time

ing flare characteristics, such as the duration, depends mo

on geometry rather than on anything else.

4.3. Division of the parameter space

Radiation from the shocked gas is a very important facet

tl
Fft¥1e disk height scale is much smaller than the radius of the
star, then duration of the burst is givenfgy: ~ 2R, /v.:

tgur ~ R _ 670 sr.ry”. (21)
Uy

5. X-ray flares (luminosity)

In the opposite case we hatgg, ~ H/v.
5.1. Optically thin case H
tar ~2 — =5x10° T;%12 s, (22)
5.1.1. Setup U

_ _ 2/3 G
Consider the case of a disk optically thin to X-rays as se(%?te thatH = 2R, atrs = 0.11r.", S0 that for radii smaller

by the observer. The photon energy window through whi an this one Eq. (21) should be used while for larger radii

. g. (22) is the one to use. Since the maximum luminosity

ghgrlld?ra:d X#]M are i";‘b:ﬁ ttk? g?sker\r/]e th*r;‘Arthie Ef rreached in the bursts can be significantly higher than the qui-

—okevrange. theopactly € diSk photosphere|s ot Courgg, o ¢ Sgr Aemission, the rise time scale should be at least
a very strong function of photon ener@y and at small ener-

T N - everal times shorter than the burst duration. However it cannot
gies, i.e.E ~ few keV, photo-absorptionis very significant an(%e much shorter than a fractionRf/v., i.e. a hundred seconds
the opacity is much higher than at enerdies 7-8 keV. We " 1/2 4 o
will consider this &ect in greater detail in Sect. 6.2, but for ~ “4 '
now we introduce an ‘fective” disk opacityoe, one which
is a rough approximation to the opacity weighted with the op-1.3. Characteristic temperature and time scales

tically thin (photon energy) spectrum of the shock. Since V.Vﬁ*ne maximum temperature to which the gas can be heated in
expect bremsstrahlung-like hard spectra (see below), and since

photo-ionization of the gas may be important (see Sect. 6. ?ShOCk Is the "characteristic” temperature defined as
we estimate thate ~ boT, whereb is a factor of few, andrt 2 vael

is the Thomson cross section. Techar= 3k - 1.8x 10Pr,1 K, (23)
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where we assumed that the mean particle mass in the shociteack front around the star itself Is ~ Lytag/(tag + tc) ~
gasisu = my/2. L,tag/te. Thus in general we write
In a strong shock, the gas is compressed by the factor tog
of 4, so that the electron gas density in the shocked gastiss —
. . . tad + tc
Nsh = 4ng. For the temperatures of interest the cooling function i )
is dominated by the bremsstrahlung radiation. Accordingy} Particular, in the case @f > tag, we have
A(T) = 24x 10°2'TY2 ergen?s™* for a gas of cosmic abun- | . 4.1 x 10% erg s* n2,rér, Y2, (30)
dance (we will include atomic emission processes in the calcu-

lation of spectra later). The cooling time of the shocked gas 1§ IS important to note that Egs. (29) and (30) do not include
the contribution of the shocked gas in the wake of the star.
3KT

= —56x10° sr Y2nl, (24) When radiative cooling is initially unimportant, the shocked
A(T)nsp 4 1 gas cools first via adiabatic losses and work against the am-
bient unshocked gas. As the hot gas expands, the adiabatic
cooling time scald,q eventually becomes comparable to the
radiative cooling time,, at which time most of the radiation
would be emitted. If the gas temperature at that point is still
larger than 10K, then the X-ray luminosity could be as large
_R_ 330 12 5 asL,. Unfortunately we found no reliable ar_1a|ytica| way to
tad = v, Sl (25) accurately calculate thidfect and we leave this task to future

o ) work, remembering the fact thgtis somewhat underestimated
If the gas density is very high, so that< taq, then the shocked i, thet, > tag case.

gas will not be heated to the maximum temperature (Eq. (23))
because of the radiative cooling. We estimate that in this case _ o
the actual temperature of the shocked gas near the staris 5-2. Optically thick disk case

(29)

where we pul = T¢ha(R). The radiative cooling timg should
be compared with the adiabatic losses time sdglewhich is
the time it takes for the shocked gas to cofilia adiabatic
expansion in the disk.

tc We now assume that the disk optical depth to X-rays as seen by
Tsn = Tehar fog+ o (26)  the observeris greater than unity, and hence (cf. Eq. (20))
Cosi
o Ng > Not = 3.86x 10T, Y232, 31
5.1.4. X-ray luminosity ¢ 7T b 2 4 (31)

main dfference from the optically thin case is the fact that

jays emitted by the shock while the star is in the disk mid-
plane are absorbed and reprocessed into thermal radiation. As

explained in Sect. 4.1, this is the regime studied intensively

Ly, ~ 7Rmpngvl, ~ 7 x 10** erg s* nllrfrf/{ (27) in the previous literature. However even in this case there will
be X-ray emission when the star reaches the disk photosphere.

wheren;; = ng/10 cm™3. This is a mechanical power,There the density is usually low enough to preclude radia-

and only a fraction of this energy may be emitted in X-raysive cooling from reducing shock temperature to belov KO
Defining & to be the iciency with which mechanical powerHence the ratio of the fraction of energy emitted in X-rays to

The star is essentially a piston pushing the gas ahead (
aside) of it, and hence the rate at which the star makes w
on the gas in the disk is approximately

is radiated away in X-rays witk 2 1 keV, we write that in the optical-UV in the optically thick case is
= dt L
Lo = 6L, (28) 7{1 e T (32)
T
where the subscript “xe” stands for “X-ray emitted”. Thiie J et Lo, ¢

ciencyex depends on the ratio 6f andt,q. Below we use rather wherezq is the optical depth of the disk to X-rays. Note also
rough estimates of; better values are unlikely to be obtainedhattwo X-ray flares are emitted per each star-disk encounter —
in an analytical way. one at the impact side and the other at the exit side of the disk
If t- < tag, then shocked gas temperature (Eqg. (26)) (see Fig. 1), but of course the observer will see only the flare
smaller thanT.nsr due to strong radiative cooling. [fs, is  emitted from the side of the disk facing the observer.
lower than~107 K, then most of X-ray emission will be emit-  The flare duration is now at mostH/v, because the flare
ted at soft X-ray energies. Such emission would be absorbedriim only one side is seen. In addition, the duration will be
the ~10?% hydrogen nuclei per cfncolumn depth of the cold reduced by a further factor of a few if the photosphere of the
material in the line of sight to Sgr*A In other words flares disk is at several hight scales above the disk (since the disk
with Tsp < 107 K are not observable from Sgr*Aocation. density drops very quickly there; see Eq. (34)).
However we find that the disk midplane density that explains
the observed luminosity of flares in Sgf Best is low enough
that this situationTs, S 10 K) is not reached. It is then appro-
priate to sety ~ 1 in the radiatively ficient case. The emitted X-ray luminosity can be calculated exactly as in
In the opposite limit of a very long cooling time, the shockhe optically thin case (Sect. 5.1.4) but we now take into ac-
becomes an irfBcient radiator. The X-ray luminosity of the count (i) attenuation of X-rays in the disk; and (ii) the fact that

5.2.1. X-ray light curve
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unshocked gas density in the disk photosphay;es lower than whereb ~ few is the ratio of the fective total cross section
that in the disk midplaney. Our treatment of the first compli- in the disk atmosphere to the Thomson cross section. Note that
cation is to simply introduce exponential attenuation along tive the case of an optically thin disk the midplane density is
line of sight. This approach underestimates the X-ray lumindswer thanny; and hence the emitted X-ray luminosity is lower.
ity for very small cos for which radiation scattered once inTherefore Eq. (37) gives the maximum X-ray luminosity of a
the photosphere becomes more important than the unscattéia® in both optically thin and thick cases.
one. We defer a more careful treatment of the scattered radia-We shall emphasize the fact that the maximum X-ray lumi-
tion to a future paper however, to keep our calculations hererissity just derived is a strong function of the disk inclination
analytical and transparent as possible. anglei. In particular in the radiatively infécient shock case,
One should also keep in mind that we use thff€etive” ¢ « cosi and thusLyay o cofi. This dependence shows that
cross section for the total one (photo-absorption plus scattgrx-ray flares are indeed associated with the putative inactive
ing), which we parameterize dsrr (see Sect. 5.1.1). Now disk, then the inclination angle could not be too large, i.e. the
let 7 be the d&ective total depth of the disk from the star'sdisk could not be edge-on or else the X-ray luminosity of the
positionz to the observer. ThebservedX-ray luminosity is flares would be too small.
then
Lo ~ Lee expl-rel. 33 X-ray spectrum
whereL,e is given by Eq. (28). The gas density in the photo- . .
sphere is approximately given by the Gaussian density profife:- Optically thin spectrum

In general the X-ray spectrum of a flare is complicated. The
(34) emitting region is a multi-temperature gas and only numeri-

cal calculations are likely to yield accurate spectral predictions.
The observed X-ray luminosity is now a function of time sincelowever single temperature optically thin spectra will provide
Z = v,;t if we definet = 0 as the time at which the star crossegs with certain guidance. In addition, these spectra should be
the disk midplane. Consider a front side flare — when the st#rsome relevance for the optically thick disk and the case of
is moving into the disk (i.e., see the sketch on the very bat- ~ t,q. Under these conditions we expdth, ~ Tchar and a
tom of Fig. 1; the observer is below the disk,zat —oo in major fraction of the mechanical power of the shock should be
this case). When the star firstimpacts the disk photosphere, tigickly” radiated in X-rays, so that the wake of the star does
X-ray luminosity rapidly increases because the star moves imet make a large contribution to the emitted spectrum.
denser and denser environment. During this optically thin stage The photo-ionization parameter for the gas in the shock is
Lxo = Lxe & &N(2) (EQ. (28)). Later, when the surface=1is ¢~ |, /ny,R2 and is usually smaller than a hundred, i.e., photo-
reached, the attenuation of X-rays by the disk matter becomgsization is not important for the shocked gas, and the plasma
important and the luminosity dependence on the density Bg-essentially in the coronal limit. The ionization equilibrium
comesly, o« &n(2) exp(-7e). Furthermore, for the Gaussianassumption is appropriate since the recombination time scale

n(2 =ng exp[— (%)2 .

density profile for the completely ionized Fe is/aedsy) ~ 3 s npiTH2
n(2) Further, the Thomson optical depth of the shocked gas is
(2 = — 1 (35) orngR. = 0.02r,m; < 1, so that the emission region is opti-

n
¢ cally thin. The Comptop-parameteny = 4(KTsn/mMeC?)7r < 1

wheret is the optical depth to the disk midplane (Eq. (19%h most realistic cases and thus Comptonization is not impor-
andny is the disk midplane density. It then follows that tant for the continuum.

() We computed optically thin X-ray spectra using the code
Lyo(t) o & N(2) exp[—r n_] (36) XSTAR (e.g., Kallman & Krolik 1986), assuming solar abun-
¢ dance of elements and that the emitting gas temperature is
Thus the event is indeed a flare: the luminosity first increasggual toTcha(R). The results for three fierent radiir, = 0.5,
and then decreases quite rapidly. Note however that we implicand 2.5, are plotted in Fig. 2 with the dotted, thick and thin
itly assumed here that cooling tintgis shorter than duration solid curves, respectively. The near infrared part of the spectra
of X-ray flare,tqur. will be discussed later in Sect. 7. In Fig. 2, the top panel shows
the spectra in a broad frequency range and the bottom panel
concentrates on the-10 keV part of the spectrum.
The characteristic temperatures arg, = 3.6,1.8 and
The maximum observed X-ray luminositymax, for an opti- 0.73x10°K for r4 = 0.5, 1 and 25, respectively. For such high
cally thick disk, will be approximately that corresponding t@emperatures, the X-ray spectrum is mostly bremsstrahlung
Te = 1. The gas density at which = 1 is simplyn(2) = not  emission with the great exception of the Fe Knes at~6.7
as given by Eq. (20). We now substitute this value for the gafd 69 keV. The keV-part of the spectrum shows that the line is
density into Eq. (28) and multiply the result by exfi] to get  dominated by the He-like (i.e., the?keV) component for the
cosi smallestT considered, whereas the 6.9 keV component domi-
Lmax = 10° &(Noy) - T, Y223, (37) nates for the largest value f

5.3. Maximum flare X-ray luminosity



182 S. Nayakshin et al.: X-ray flares and inactive disk in Sgr A*

Energy, eV Radius, Rg
107" 109 10! 102 10° 10% 10° 103 104 102
/‘055 (O) ; T T
NIR spectra for 7=0.01
e o e
v
| e}
L 1022 X
5
1032 .
o3 £ ‘ =
WOWS WOWLL wOW5 WOWB wOW7 WOWS WOWQ g@
frequency, Hz -
g
@
—
1407 [ . |
10? T 108
sh

Fig. 3. a)log(EW) of Fe Ka line and the X-ray spectral indéxversus
temperaturd g, of the emitting gas for optically thin X-ray spectra for
Solar abundance of elementsTl, = Tcha(R), thenl andEW may be
plotted versus radiuR, shown as the uppe¢raxis. Note that to yield
Fe Ka EW and spectral indek compatible with the observations of
Fig. 2. Optically thin X-ray spectra for three fiiérent values of disk the two bright flares (Bagarfioet al. 2001; Goldwurm et al. 2003a),
radius:r, = 0.5,1 and 25 for the dotted, solid thick and thin curves,T , > 2 x 10® K or R < 10* Rs.

respectively. The gas densityrig = 10'* cmi 3, inclination angld =

70, and the star's radius R, = 2R, for all the three cases) Spectra

in a broad frequency range. The near infra-red curves will be explainfle constraint on thEW of the Fe K line also requires simi-
Iat_er in Sect. 7b) the X-ray part of the sp_ectrum. The upper curve ipaﬂy high values ofT g

shifted up by 3 whereas the lower one shifted down by the same factor Finally, let us recall that in the cage > ta, We expect

for clarity. Note that, except for the brightest of the curves, the “hoihat there will be a range of temperatures that contribute to the
Fe Ka line is clearly present. :
overall spectrum, fronT = T¢narin front of the star to much
lower temperatures in the wake of the star. The méieceis to

Clearly, the integrated equivalent widtB\(V) of Fe Ko line make the spectrum softer. Hence the minimum valuef1.3
decreases aScha increases R decreases). Another obvioudrom Fig. 3 should also be the minimum value for the spectral
trend seen in Fig. 2 is that with increaseTiga the thermal indexin the more general case.
rollover moves to higher frequencies and the spectrum begins
to IooI§ more and more power-law like in the@keV band. To g 5 Absorption along the line of sight
quantify these trends and to compare the observed flare spectra in the photosphere
with those predicted by our model, we defined the photon in-
dexT by drawing a power-law through two line-free photon enfFhe emitted spectrum is attenuated in the atmosptiigaren-
ergies ofE ~ 2.2 keV and 725 keV, and also integrated over altially for different photon energidsbecause photon opacity is
the components of the FeaKline to get its totaEW. Figure 3 a function ofE. The observed spectrum could be severely cut
displays the resulting dependence of indeand theEW of (compared to that shown in Fig. 2) at low enerdies 2 keV
Fe Ka line on the temperature of the shocked gas. because the opacity there is very large. Observations of at least

So far only two — the brightest — of the observed X-rathe brightest flares show no enhancement in the column depth
flares had enough statistics to conclude that spectra duréfghecold neutralabsorber in the line of sight (Bagatfiet al.
flares seem to be hard power-laws in the E < 8 keV energy 2001; Goldwurm et al. 2003a). For optically thick case, the
range, with the photon spectral indEx~ 1 + 0.7 (Bagan@ only way to reconcile the model with the observations is if the
et al. 2001; Goldwurm et al. 2003a), and they seem to sh@lotosphere around the star is strongly ionized and hence the
little of an Fe Kx line. Goldwurm et al. (2003b) notes that absorption opacity is much smaller than that due to the cold
Fe Ka line-like feature at-6.4 keV in their spectra is not sta-material in the line of sight.
tistically significant; but the upper limit on tHeW of the line Bagandt et al. (2001) found that the column depth of
is as large as 1.8 keV. From Figs. 2 and 3 itis clear that to hatbe cold material during both quiescent and flare emission
such hard spectra, the bright flares should Hayez 2x 1P K. is Neoig ~ 5 x 10?2 hydrogen nuclei per cfa The column

1 10
Energy, keV
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Opacity (Thomson units) where Ly is the emitted X-ray luminosity at the maximum
light, which is given byl . €* (see Sect. 5), and as represen-
tative distance from the stat/2 is chosen. For example, the

100F case of an optically thick disk with adiabatic losses dominating
s the radiative ones gives
i
£~ 0.0420O_ET2-3/2r§r;5. (40)
e

Clearly strong enough ionization ¢f 2 10 requires the two

bright detected X-ray flares to happen at small values,of

andor be produced by large stars with> 1. Taking a con-

crete example of a 5 Solar radii star, we find thaixceeds 10

for radiir, < 0.6. Note that the photo-ionization paramedeit

the time of maximum light in X-rays is a function of the disk

_ b inclination angle, so once again we see the dependence of the
i results on the disk orientation to us (cf. Sects. 5.2.1 and 5.1.1).

‘ We shall emphasize that the constraint 10 is important

only if the disk is somewhat optically thick. The disk may be

optically thin to X-rays which we find quite likely for the in-

Fig. 4. Photo-absorption cross section (in unitsg) of photo-ionized nermost disk region where the bright flares should be taking
matter as a function of photon energy. Values of photo-ionization

rameter¢ are indicated next to the respective curves. Note a very fast

decrease in the opacity with increase in the ionization parameter for

£ 2 1. This occurs because of photo-ionization of the elements prp- Flares in the near infrared
viding the opacity.

o
T

Photo—absorption opacity

Photon energy, keV

7.1. Optically thick case

density throuah which the X-ravs pass during the maximu'r:rilrSt consider the simplest case of a disk optically thick in the
X-ray )ébservgd emission is arozmaf 1/bor 9 5y (g8 near infrared. X-rays emitted by the shock while inside the op-
- n "~ t ~ .

We then need the absorption opacity of the ionized photosphté(r;f’imy thick disk are e:_;msny absorbed b_y Fhe cold un-shocked
to satisfy gas and reprocessed into thermal radiation. Therefore we as-
sume that all the work done by the star on the cold gas is
gion(E)  Neoid emitted as a blackbody radiation in this case and that the lu-
m < Nion ~01, (38) minosity is equal to=L,, (Eq. (27)). The radiation runs ahead
of the shock wave, heating and ionizing the gas in the disk.
whereo g is the absorption cross section of the cold gas whighe region &ected by the radiation is roughly the cube with
is much larger thawrr, the Thomson cross section. For ensijze ~2H. The temperature of the region can be found by as-
ergyE in Eq. (38) itis sensible to také ~ 2 keV because the suming that the cooling time of the disk region warmed up by
cold gas opacity is largest at the smallest energies in the kg)é X-rays from the shockeg, is shorter tharH/v,. This im-
band, and so the measuremenf\afyq is really dominated by plies thatl,, ~ O-BTi‘rl x 2(2H)? and
the lowest energy bin (see Fig. 3 in Bagérat al. 2001).

The ionization state of the disk atmosphere illuminated bly
X-rays from the shock is controlled by photo-ionization rather"
than by collisional ionization since the gas temperature is lo
i.e. T ~ Ty ~ 10310 Kelvin. Using XSTAR once again, we
calculated the ionization state of plasma kepk at 10* K and .
illuminated by X-rays with spectrum similar to those shown in As remarked in Sect. ,4’ the pre-heated gas cannot ex-
Fig. 2. The resulting absorption cross section as a function%nd much durmg th? st_ars passage throggh the disk. The ob-
photon energy is plotted in Fig. 4 forfiérent values of photo- served flare luminosity in near infra-red is then reduced by

ionization parameter which is definedéas 47F/ng whereF, t}?ebdisdk projection ﬁe?; Lr‘]’bs - :]‘”’ cosi. The near infrah-re?]
is the integrated X-ray flux. The solid curve labelled “0” is cal* " ar: stzerlns to yield t th'g te;t consltra2|8(gs2 onT:] e theo-
culated for a very smadl and yields the “cold” absorption crossreuc"’:j_mO ?S (see, e.g.i orrr:itgem et E:j' he f ). The corre-
sectionocog(E). The figure shows that the condition specigpon1 I:?gxri glt‘el—T;eTVﬁV;r:gigctteclj o%rsnei/ne dtlu?nirnec?sl:'g/r}zr:zn
fied by Eq. (38) is fulfilled when ionization parameter exceed§ = "

y . (38) P 1Y, x AH2 cosi VB (T ):

about 10.
We estimate the average ionization parameter in the photo- 0% cosi To 12 Vv
sphere around the star as by =78x107cosi Tory .

Lo wherev = v/vg andx = hv/kT;;, and where we assumed that
&~ no(H/2)2’ (39)  the distance to the Galactic Centebis= 8.0 kpc. Note that the

1/4

nuar2 -9/8
=1.78x 10° K | " (41)

2

Y},hdex ir stands for “infra-red”). Itcq > tqur, then the thermal
luminosity is lower tharL,,.

(42)
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factor of 4r above arises due to the usual assumption that the = 109 E
emitter (the disk) emits isotropically in the fullrdteradians. .
Also note that the dependence on the disk density is “hidden”in ‘g 1534 L

INOS

the temperatur@&;; of the emission and that= v (hvo/kT;) = 3 g
The luminosity given by Eq. (42) is quite large. The current i 1077 E
best limit on the quiescent emission of Sgrak 2.2um is about 5 3
2 mJy (dereddened; Hornstein et al. 2002). In termd_of the > 10 3
quiescent limit of 2 mJy corresponds to about 203 erg s, ? i
Hornstein et al. (2002) note that the limits on random 3-hour > w
flares is about a factor of 10 higher, i.€2 x 10°® ergs?. 1000 10000
Hence an optically thick (in NIR) disk in Sgr*Awvould pro- Radius, R,
duce NIR flares strong enough to be detected by now.
100.0

7.2. Optically thin disk §

X
Previously we pointed out that no optically thick disk can exist s 190
in Sgr A* already based on its quiescent spectrum — or the disk%
would reprocess too large a fraction of the visible and UV stel- & i
lar flux into the infrared band and would violate the observed © 1.0k
upper limits (see Sect. 2.2). These constraints limit the infrared= b
optical depth of the disk te;, < 0.01. If the opacity of the disk L (b)
grains were grey, the grain temperature would equal to the ef- 0.1 ‘
fective one (that iJ). In this approximation the luminosity of 1000 10000
the flare in the NIR is simply reduced by the factpr Radius, Ry

_4 Fig. 5. Flare properties foR, = R,, disk inclination angle of = 75°
4 Tir : 3 vV andb = 2 (see Eq. (37))r) Maximum X-ray (thick) and NIR (thin) lu-

L, =78x10° 0.01 cosi T21 -1 (43) minosity (guring gages)a)?s)afunction of ra)(;i(us for)threﬁefen(t val)ues

of disk midplane densitiesy = 3 x 10, 10'* and 3x 10'* hydrogen

Figure 2, panel a, shows examples of such spectra for a staelei per cm. For NIR luminosities, we assume that the dust optical
with radiusR = 2 R,. Note that the NIR flares are weak enougHepth is 0.01, as in Eq. (43)) Burst duration (thick solid), adiabatic
to be missed. Also note that the value of the dust optical depg#pansion time (dotted) and the cooling time (thin solid). Only the lat-
assumed to be equal to 0.01 for all frequencies, is likely to E& depends on the disk density, which was chosen tgke10'* for
smaller than that of the disk in quiescence. The stellar passifethin solid curve.
through the disk may in fact destroy the dust (see below) in
which case the NIR luminosity will be reduced even further. (each collision “covers” area 7H? of the disk). Using the rate

It is tempting at this point to make a connection betwEgn Of the star-disk passages calculated in Sect. 3.1, we obtain
the disk surface density given by Eq. (11), and the optical depth
in the NIR using the standard interstellar dust opacity. For etgg = ———
ample, at 2 um, the dust extinction is about6 10-2? cn? N(R)7H?
per hydrogen atom (see Fig. 2 in Voshchinnikov 2003). Thosis time is very short compared with the viscous time scales
with ng ~ 10" cm3 the disk would be optically thick at for the cold disk £¢107—1C8 years).
2.2 um for radii greater than about 1Bs. However the dust
opacity in the disk is likely to be reduced compared with
the interstellar values by the grain growth. Following Spitz<§‘
(1978), we estimate that the grain radausicreases at the ratewe now consider two important cases. The first one is the pas-
da/dt ~ 10-3an;1 cnyyear, wherelz < 1 is the average frac- sage of a “low’-mass star witR, = R, through the disk for
tion of atoms that stick to the grain in the course of collisiongrange of midplane disk densiting and for diferent radiiR.
with the grain. This rate is very large so there may be no smahe second case is that of a “large” star, Witk 5R., passing
grains in the disk. On the other hand dust grains will be dghrough the same disk.
stroyed or broken up into smaller grains by dust-dust collisions. The low-mass star case is analyzed in Fig. 5. The mid-

Dust grains are also destroyed during star passages. Thegiase disk densityy is chosen to bey = 3 x 10%°, 10! and
temperature in the cylinder with radittsaround the star’s trek 3 x 10! hydrogen nuclei per cfa The X-ray luminosities are
in the disk is given by Eq. (41). This temperature is high enoughown with thick curves while the near infrared 2:dumi-
to destroy all or most of the dust species. Therefore we magsities are plotted with thin curves in panel a. Larger values
define a “dust destruction” time scaligg, as time needed to of these luminosities correspond to larger values of the mid-
cover all of the disk area within radil&by star-disk collisions plane density. Panel b of the figure shows three time scales — the

~ 2 x 10* yearsT, 'r, %, (44)

Typical “weak” and typical “strong” flares
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1037 : course fewer high mass stars than there are low mass ones in
F r=5 ] the Sgr A star cluster (Genzel et al. 2003), and hence high
luminosity flares should be a minority.

The duration of typical flares is in the range of one to tens
of kilo seconds. Flares with longer durations are not detectable
because they are too weak; flares shorter than about a thousand
seconds require a sma&t. (see Eq. (21)) and thus may be too
week as well. In addition, the cooling time at smRlbecomes
longer thartg,, (Fig. 5b).

The near infrared (2.2 here) emission is quite weak in all

(@]
[&}]
»

X—ray and NIR Luminosity
o
&
a

1000 ~ 10000 the models, at or below the2 x 10°® erg s upper limit set by
Radius, Rg

Hornstein et al. (2002). This is partially because the black-body
emission is a rather narrow feature and in most cases the 2.2
is either on the Wien exponential tail or on the Rayleigh-Jeans
part of the curve. We should also note that the NIR luminosities
are calculated under the optically thick assumption which may
be violated for the smallest values of the disk surface deBsity
However most likely optically thin spectra would peak in the

i optical band again producing little NIR flux to be detected (see
10F 4 Sect. 7).

1 The cyclotron frequency in the hot blob is about 1 GHz,
- (b) ] assuming equipartition magnetic field. However, its intensity is
0.1 : many orders of magnitude larger than the Rayleigh-Jeans in-

1000 10000 tensity at this frequency, so this emission is completely self-

Radius, Ry absorbed and therefore impossible to observe. It is unlikely that

Fig. 6. Same as Fig. 5 but for a high mass star with= 5R,. Note non-thermal mechanisms could significantly alter this conclu-

the change in the luminosity scale; X-ray flares are roughly 100 tim%@n' Therefore our model Pfed'CtS ”9 radio-flares colrre.lated

brighter than they were in Fig. 5. The NIR emission increased by¥th X-ray flares (but star-disk interactions may have indirect

much smaller factor mostly because it is in the Rayleigh-Jeans regirf@plications for the jet and hence some radio variability may
in fact be due to stars; see also Nayakshin & Sunyaev 2003).

100.0

10.0

time scales, ksec

duration (Eq. (22)), cooling (Eg. (24)) and adiabatic expansion
time (Eqg. (25)). Out of these only the cooling time depends
the disk density, which was chosen tome= 10 cm3 for
the respective curve in panel b. Observational facts for X-ray flares from Sgt Aay be sum-

The X-ray luminosity curves have a common asymptote afarized as following (Bagariet al. 2001, 2003b; Goldwurm
large radii, which is simply the optically thick case given byt al. 2003a). The maximum X-ray luminosity detected so
Eq. (37). Itis very important to note that in this optically thickar is L, ~ 10°® ergs?!. Such strong flares are relatively
limit the X-ray luminosity is an extremely strong function ofare; i.e. there is probably5-10 times more of the weaker
radius:Ly, o R™3. Given the fact that quiescent X-ray luminost,, < 10% ergs? flares. Counting all detectable flares, there
ity of Sgr A* is aboutLq ~ 10% ergs?, it is clear that flares is about one flare per day on average. There seems to be no
from solar-sized stars will not be observable Bz 10*Rs. NIR or radio counterparts to the flares (Bagéret al. 2003b;

A comparison with the case of a large star, Fig. 6, shows thabrnstein et al. 2002). In particular the radio source has never
flares from these are observable up to raditééw x 10°Rs, varied by more than a factor of 2 during many years of obser-
i.e. just a factor of few higher. This conclusionimglependent vations (Zhao et al. 2001). The NIR limits on randes® hour

of the disk midplane density: the flare X-ray luminosity at #lares are about2 x 10°° ergs?, much too tight for many
given radiusR cannot exceetlmax (Eq. (37)). Thus we con- existing models of Sgr Aflares (Hornstein et al. 2002). The
clude that as far as X-ray flares are concerned, only the “inngfectra appear to be harder than those during quiescence and
disk region withR < few x 10* Rs matters. At small disk radii, show little if any Fe K line emission (both Bagatioet al.

the disk becomes optically thin to X-rays along the line of sigl?001 and Goldwurm et al. 2003a,b X-ray spectra contain weak
to the observer. At this point the X-ray luminosity curves (solidmission-line like features at energies not too far from the ex-
thick curves) change their slope. pected Fe K line but detailed modeling is flicult due to poor

“Large” stars produce higher luminosities than do “smalltatistic. Goldwurm et al. 2003b put an upper limit of 1.8 keV
ones, in both optically thin and thick regimes. This is so ben a 6.4 keV Fe K line feature in their spectrum of an X-ray
cause the total work done by the star on the disk is proportiofflare). In addition Porquet et al. (2003) reported a very bright
to the area of the star (Eq. (27)), plus radiative cooling is a¥-ray flare observed with XMM that showed a soft X-ray spec-
tually more dficient for larger stars (Eq. (30)). There are ofrum and an excess of soft X-ray absorption.

4! comparison with observations of X-ray flares
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The following flare characteristics appear to have a reas@beometry. The exact geometry of the star-disk passage is cru-
able explanation in our model (we place the items in order frooial for quantitatively accurate results. Namely, the angle that
model independent to less so): the star makes with the disk rotation velociy, controls the

total mechanical energy deposition rate, the duration of the

— (i) Frequency of flares, i.e. number of flares per day, whicfrray burst, and the relative position of the bow shock with
in our model is around few per day (see Sect. 3.1 and #SPect to the star as seen by observer. (Here we simply as-

particular Eq. (16)). sumedd, = n/2.) For example, if the disk is optically thick,
— (ii) Duration of X-ray flares is in the range efone to tens then appearance of flares with oppositely directed stellar ve-
of kilo-seconds. locities, e.g.p. and-v., is completely diferent.

— (iii) X-ray luminosities of observed flares in the peak of

their light-curves are consistent with the maximum akje|iar orbits. We assumed that the stars are on circular
lowed luminosities in our model (Eq. (37) with given by - eperian orbits. In fact many of the observed stars have highly
EQ. (29)). Namely, the observed luminosities are best &iiptical orbits, many withe ~ 0.9 (e.g. Genzel et al. 2003;

plained tiy an optically thin disk with midplane density 0he; et al. 2003b). Therefore one needs to also allow for vari-
order 16 hydrogen nuclei per cfn ation in the absolute value of.
— (iv) X-ray flares from similar star-disk encounters in the nu-

clei of other LLAGN. On the one hand, the maximum X-ray

luminosity of flares at a given dimensionless distange Massive stars. Although outnumbered by the less massive
from the black hole, and a given disk surface denZity ones, the high mass stars will produce the brightest flares. The
scales as (see Eq. (33)) « nZ o« H? « 1/MZ,. That effects of very bright stars on the disk before and during the
is, more massive black holes produeeakerX-ray flares. star-disk passage may change the flare characteristic substan
Further, the background quiescent X-ray luminosity of cotially. In particular, the stellar radiation may be reprocessed into
firmed LLAGN is always larger than that of Sgr Ausually the NIR band giving rise to NIR flares. A related complication
by some 3—6 orders of magnitude. On the other hand, sois¢he fact that bright stars produce powerful winds. The latter
nearby Galaxies, e.g. M 31, are not detected in X-raypay be as important in shocking and heating the disk as the
whereas M 32 has just been detected with- 10°®ergs?  stellar surface itself for high wind loss rates.

(Ho et al. 2003). We believe that due to a wide distribu-

tion in flare properties, there are flares brighter than th Eellar coronae and photospheres. In this paper we assumed

although they are infrequent. Thus such bright flares COL{ at the star is a rigid solid body. However, stellar coronae and

be detectable in the nearby galaxies, especially with futute . )
XEUS and Constellation-X missions. Lﬁwe photospheres may be important for the gas dynamics dur-

. ... Ingthe star-disk passages. If luminosity of the radiation emitted
— (v) X-ray spectra are expected to have a distribution : S o
. o ; . w. - _» DYythe shockis much larger than the intrinsic stellar luminosity,
properties and it is actually fiicult to define a “typical

flare (see Sect. 10). Therefore observations of flares shotul]gn the star's photosphere will be strongly heateq. Therefgre
. ) - . .. a part of the photosphere may be blown away during the disk
be compared with theoretical predictions in a statistical

sense rather than on the basis of a single observation. passage, releasmg extrg energy and changing the emitted spec
. o ) . trum. This may in fact give rise to NIR flares that are stronger
— (vi) If the disk is moderately optically thick in relevant fre- . .
than those discussed in the paper.
qguency (e.g. soft X-rays), then spectra of flares may show
an additional absorption compared with that in the inter-
stellar medium between Sgr'And the observer. Unusual abundance of chemical elements. The abundance
— (vii) Near infrared (NIR) luminosity of flares produced byof the putative disk in Sgr Aneed not be Solar. In fact if
the shock around the star is around or smaller than the ctife disk is currently fed by the hot helium rich stars, then the
rent _detection Ii_mit at 2.2 (see S_ect. 7). Howe\{er a morenydrogen in the disk may be under-abundant. In addition, the
detailed modeling of the star-disk passages is neededdtsk may contain a much higher mass fraction of dust than
cover the range of theoretical possibilities. the normal~0.01 fraction due to evaporation of gas from the
— (viii) No flare radio emission is expected in our model duidisk by diferent forms of external heating.
ing the star-disk impact. Such emission is completely self-

absorbed in our model. N
Compact objects. Additionally, Sgr A® star cluster may host

a number of compact objects — white dwarfs, neutron stars and
stellar mass black holes. These would produce flares quite dif-
ferent from those that we have studied here. Especially one has
Theoretical spectra from star-disk flares depend on a numb@worry about the presence €10 M, black holes since these

of factors that will vary from flare to flare. In this paper we preare massive and are expected to sink into the central parts of
sented a rather simplified treatment of the problem. Howevthre Sgr A star cluster. The radiation emitted by a stellar mass
for a comparison with observations, it is important to be awabéack hole passing through the disk would be powered mostly
of these important complications since this shows the resulting accretion of gas on this black hole rather than shocks, and
diversity of flare properties. hence produce fierent spectra.

10. Shortcomings and a broader picture
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11. Discussion other LLAGN and nearby inactive Galaxies are rather hard

) to detect except for the most nearby dod black hole mass
In this paper we proposed that the observed X-ray flaresdg  ces.

Sgr A are emitted by bow shocks around stars when the lat-

ter pass through an inactive disk. Such a disk has recen{yie aqded in proofHalf way through the refereeing process
been invoked by Nayakshin (2003) to explain the quiescp nave learned from Prof. R. Genzel about an exciting dis-
spectrum of Sgr A The disk may be a remnant of the pasl,ery of a set of NIR flares from Sgr A* that in many respects
accretion .and star formation activity in our Galactic Centegming the X-ray flares. In terms of our models, these flares are
(Sect. 2.1; see also Levin & Beloborodov 2003). Due 10 qYfest explained as the emission of the transiently heated stel-
escent Sgr Aspectral constraints, the disk temperature IS rgy. 5, ot0-spheres during the disk passages. The observed NIR
stricted to be of order XK, whereas the size of the disk is al,q g icity may be a signature of hydrodynamical oscillations

least 18 Schwarzschild radii. The disk should be optically thiy, ited in the upper layers of the stars by the collision with the
in mid infrared frequencies or else it would violate the existing;q

limits on the quiescent Sgr/Auminosity (see Sect. 2.2; Cuadra
et al. 2003). From modeling X-ray flare luminosities we con-

cluded that the disk midplane density is of ordet!Ifydrogen Acknowledgementsive are very grateful to R. Genzel, R. Sclel,
T. Ott, P. Predehl and D. Porquet for the opportunity to learn their

nuclei per cm. Such a disk is quite “light” — it is not a subject _ ! L :
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