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Abstract. Holz & Wheeler (2002) have recently proposed that a Schwarzschild black hole may act as a retro-lens which, if
illuminated by a powerful light source, deflects light ray paths to large bending angles and a series of luminous arcs (or rings
in the case of aligned objects) centered on the black hole may form. Obviously, the most convenient geometry to get retro-
lensing images would be that of a very bright star close to a massive black hole, say the putatit€® M, black hole at

the galactic center. Recent observations of the galactic center regionKilibad have revealed the presence of a very bright
main sequence star (labelled S2) with mad$ M, orbiting at close distance (132900 AU) from Sgr A. The relatively

vicinity of S2 to the central massive black hole mdfeoa unique laboratory to test the formation of retro-lensing images. The
next generation of space-based telescopes iiKthand (like NGST) may have high enough limiting magnitude necessary to
observe such retro-lensing images.
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1. Introduction retro-lensing images. In the most suitable case (i.e. perfect

alignment between the source, the observer and the lens) the

It is well known that a dark object moving close to the SOUrcRs - imum distance at which the retro images can be seen by an
observer line of sight acts as a gravitational lens, causing mgtrumentwith limiting magnitudenis

formation of two or more images of the source. If the images

can not be resolved, the lensing phenomenon results in an oygr— 0.02pcx [1d@30)/2'5(MBH/10 MO)Z]”"" (1)

all source image magnification, to which one refers as gravita-

tional microlensing event. However, the geometry of the len®r an assumed image baseline of magnitode 30.

ing phenomena may also beferent with the observer (source) ~However, since we do not expect massive black holes lying

in between the source (observer) and lens line of sight. so close to the Earth, we can say that making a survey for retro-
Recenﬂy, Holz & Wheeler (2002) have propOSed that I\AACHOS iluminated by the Sun mlght not be a successful

Schwarzschild black hole may act as a retro-lens (or ret@rategy.

MACHO) that deflects the source light ray paths to so large A betteridea is to look towards well known black holes, for

bending angles that emerging photons may reach the obseRX&mple at the galactic center which is thought to host a super

(in the middle between the source and the lens). The shape Bi$sive black hole (Sgrawith massMgy ~ 4.07x 10° Mo

the magnitude of the formed images (arcs, becoming rings(FﬁheZ et al. 2003). Moreover, to have a chance to really detect

the perfect alignment case) strongly depends on the mass of@f€0-lensing images, one should also consider a very bright

black hole and on the relative distances between the obser§&¥ close to Sgr Aas the light-source.

the lens and the source. In particular, in the perfect alignment Indeed, if the Sun is the light source and Sgriithe con-

case, afterr rotations around the black ho'e, photons if Colsidered black hOle, the magnitude of the formed absorbed retro-

lected form a series of circular rings. More recently, the gendages turns out to bey = 100 47 if absorption in the

alization of the retro-lensing®ect due to Kerr black holes hasY band is not taken into account).

been analyzed by De Paolis et al. (2003). Nowadays, large ground and space-based telescopes allow
Holz & Wheeler (2002) considered the Sun as the ligi® obtain an unprecedent view of the galactic center, in terms of

source which emits photons towards a stellar black hole R@th sensitivity and angular resolution, so that individual stars

distanceD, and then evaluated the magnitude of the formé&@n be monitored within’1from the galactic center. In this re-
spect, Ghez et al. (2003) have announced the observation of a

Send gfprint requests toF. De Paolis, bright star, labelled S2, orbiting in close proximity to the mas-
e-mail:depaolis@le.infn.it sive black hole at the center of the Galaxy.
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The aim of this letter is to show that the binary system
S2-Sgr A may dfer a unique opportunity to study the retro-
lensing phenomenon proposed by Holz & Wheeler (2002), tak-
ing advantage of both the large black hole mass and the small
separation of the binary components.

2. S2-Sgr A* binary system

Very recently, Ghez et al. (2003) have observed a star orbit-
ing in close proximity to the galactic center massive black
hole. The orbital parameters of the binary system are given in
Table 1. The star, which has been labelled as S2, with mass
Ms2 ~ 15 Mo, appears to be a main sequence star, probably an
08-B0 dwarf with surface temperatur8x10* K and bolomet-

ric luminosity ~10° L,. In order to evaluate the magnitude ofig. 1. The geometry of the S2-Sgr*Abinary system retro-lensing
the retro-image we need to calculate the magnification factophenomenon: photons are emitted by the soG¢the star S2), mov-
by considering the geometry of the S2-Sgr finary system. ing on an elliptic orbit (on the - Y plane) around the central galactic
Referring to Fig. 1, we consider the S2 source which is moviffck hole inL. The emitted photons go towards the lens, which lies
around the black hole (at the center of the reference frame)iBPne of two foci of the ellipse, and after deflection by the arigle
an elliptic orbit with semi-major axia and eccentricitye. Let '©2ch the observer 0.

bei the inclination angle of the orbital plane with respect to the

observer (lying theX — Z plane), and define the misalignmenbeing(Zﬁ — wt +do andw = [G(May + Msz)/a3]¥2. The angles

angleg as the angle between the source-observerSieand appearing in Eq. (3) is the deflection angle, as measured at the
the observer-lens lin@L, as measured at the observer. Hencrins, needed for a source photon to reach the observer, i.e.
the misalignment ang|g is given by

o)
D sDoL

5(t) = cos‘l[ } = 1 — cos }(cose sini). (5)

)

Therefore, the angle turns out to be
where Do, and Dgs are the observer-lens and the observer-

source distances, with DoL + DL s coss

B(t) = 7 — cos?
(3)

In the case of the S2 star, photons retro-lensed by
Here,Do. ~ 8 kpc andD_s is the distance between the lenSgr A would form two images, of angular extedi® =~

: (6)

2 2 12 Dos
Dos(t) = (Dfs + D3, + 2DisDoL COS5) .

and the source, i.e. for the considered elliptic orbit 2 tarm! (Rsz/Dossing), beingRs; the S2 radius. Since lensing
conserves the surface brightness, the total image amplification
a(1-¢) u is given by the ratio between the fraction of sky covered by
Dus(t) = 1+ ecosa(t) ecose(t)’ (4) egch image to that covered by the source disk as seen by the
observer.

Thus, following Holz & Wheeler (2002), one gets for the

Table 1. The masseMg and Ms;, of the galactic center black hole brighter (B) and fainter (F) image the amplification factors
and S2 orbiting star are given. The remaining orbital parameters are

the S2 star radiuBsy, the semi-major axig, the eccentricitye, the 5 5 1 Rso Dés
orbital periodP and the inclination angle Data are taken from Ghez#B.F = [b0(®) -b (G)] tan Dossing ) xD? R% ’ 7
OL" 's2
et al. (2003).
where, for a given deflection ang® b,(®) andb;(®) are the
S2-Sgr A orbital parameters photon impact parameters corresponding to the inner and outer
Man 407x 10° M, radii of the images, respectively. Finally, the total amplification
results to be
Ms> 15 M,
Rs2 58R, U= ug + UF. (8)
3
a 487> 107 pc It has been shown by Chandrasekhar (1983) that, for a
e 0.87 Schwarzschild black hole and in the case of large value;, of
P 15.78 yr the photon impact parameter is

i 473 deg b(®) = b + bee™®, ©)
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4x1077

The S2 star has been observed in iband (centered at
2.2 ym) with an unabsorbed magnitudem$? = 139 (Ghez
et al. 2003). Taking into account the infrared extinction factor
Ak =~ 3.3 towards the galactic center (Rieke et al. 1989), from
a = 4.87x107 pe | Eq. (11) the expected absorption corredtethagnitude of the
- o087 ] retro-lensing imagésds

My, = 4.07x10°8 M,

o
Mg, = 15 M,

3x1077 [~

i mk = 17.2 - 2.5logy, (12)
32x10-7
I which for the minimum and maximum distances of S2 from
Sgr A (see Fig. 2), gives the valuak min ~ 33.3 andmik max =
36.8, respectively.
7 Obviously, in order to detect such retro-images, we need
] instrument with limiting magnituden> m3? + A, — 2.5 logu
in which A, is theA-band extinction factor.

For the sake of completeness, we mention that assuming
the existence of a star (like S2 and with the same orbital pa-

t(yr) rameters) perfectly aligned with the Earth-Sgrliae of sight
) o ) o (¢ = 0,i = n/2 andB = n), the amplification factor and the

Fig. 2. The amplification facton as a unction of timeis shown. The corresponding ring magnitude result to pe~ 8 x 10 and

calculation has been made by considering the S2-SgorBital pa- 52 . . . 5
rameters given in Table 1. Note that the periodic behavior of the culg = mf + 7.74, respectively. In particular, in tie-band, af

depends on the S2 orbital motion. ter correction for the absorption, we get a ring magp?t_ude of
mk =~ 21.6, close to the present day instrument capabilities.

In this case the required instrument limiting magnitude to

where observe the retro-lensing images (rings in this case) has to sat-
M . .
b, = 3\/§G CZBH’ isfy the relation
2 _ M\*(R,) D2
L yaCMen (V3-1 >m + A - 25log|[— | (=2]—95_|. 1
by = 648" V3 CZBH(\/§+1) : (10) M2m + A —25log Mo ) \Rs) DrsD2, (13)

Since the angular extent of the S2 disk with respect to Sgs A . .

@ ~ Rsy/Dys(t), the bending angles for the brighter and fainte#. Discussion

|mages ardg = I‘S iba an.dGFE: 2”7_ o *_ig r.elspectw_eblly. Fleetro—lensing phenomena, i.e. deflections by black holes of the
onsequently, )y using £4s. (7)-(10), itis poss gto Varght ray paths to large bending angles, have been recently pro-

uate, for each position of the star S2 along its orbit arou %

; e T ?J sed (Holz & Wheeler 2002) as a new way to search for black
Sgr A, the total amplification factqe of the retro-lensing im- o2 However, if one considers the Sun as the light source,

ages. The obta_ined r_esult i_s shown in Fig. 2 It i.S evident tlﬂ‘?e limiting distanceD, within which a Schwarzschild black
periodic behavior (with periodP) of the amplification factor hole may show observabldfects is given by Eq. (1), which
i, the upper value of which~@.75x 1077) corresponds to the assumingM = 10 M, andm = 30 givesD, =~ 00’2 pc

. . - ®© - - . .
perl_?rs]trtl)n d.'Sta’.m ?fhszf' q — ULS2 beinglLS? Consequently, due to the lack of any massive black holes within

€ um_lnos_lty_o the forme arcsls_i = pLy 5 DeINgLy his distance, making a survey for retro-MACHOs illuminated

the S2 luminosity in the electromagnetic band centered at the Sun might not be a successful strategy.
wavelengthi. It follows that the image magnitude is A better chance to detect retro-lensing images should be
m, = my2 - 2.5logy, (11) looking towards the direction of well known massive black

] ) . “holes such as the4.07 x 10° My, one (Sgr A) at the galac-
beingu independent on the wavelength. For S2 in the periags center.

tron position ¢ = 0 andD, s ~ 130 AU) and for the inclination
anglei = 47.3°, from Fig. 2 the maximum allowed amplifica- ! Since S2 has been classified as a 08-B0 main sequence star (Ghez
tion factor isumax =~ 3.75x 10~ so that the expected minimumet al. 2003), one expects that the optical band absolute magnitude is
image magnitude results to b@ mi, = mfz +16.1. My = —4.0 (Allen 2000) implying, fqr an aszsumed observer-S2 dis-
Then, as a consequence of the S2 orbital motion the ajffce Of 8 kpc, the appareit:magnitudem(? ~ 106. Hence, the
plification factoru decreases until the minimum valpgin ~ expected unabsorbed ring magnitude is in the range-36.2, de-

8 ; . pending on the S2 orbital position. Unfortunately, the ratio of khe
15100 I$ reached, at the furthest dlstancg from Sgr AtoV extinction factor isAx /Ay ~ 0.112 (Rieke & Lebofsky 1985) so
corresponding to the maximum image magnitudgnax =

) that theV-band ring magnitude has to be correct for absorption by the
mﬁs +196. factor Ay ~ 29.5. This implies that the S2 retro-image has magnitude
Clearly, due to the absorption processes along the linej@the range 5@ < my < 59.7, i.e. is much fainter than in thé-band.
sight, the previous values have to be increased byithand 2 A somehow related idea has been proposed by Capozziello et al.
extinction factorA,. (1997) who considered théfect of defocusing gravitational lensing.
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We have shown that the recently observed bright star $,a bright enough X-ray source closely shining the Sgr A
shining the galactic center black hole, may produce retrolack hole (S2, being a main sequence star, does not emit sub-
lensing images with apparent magnitude given by Eq. (11) stantially in the X-ray band). Indeed, the galactic center region
which mfz is the S2 star magnitude in theband andu the hosts a large number of X-ray emitting neutron stars or ac-
amplification factor given by Eq. (8). By taking into accountreting black holes most of which are detected in the energy
the 2-band extinctiom,, these images may be observed by aimnge 210 keV with a luminosity 187-10% ergs?! (Wang
instrument with limiting magnituden > mfz + Ay —25logu etal. 2002; Pessah & Melia 2003). Therefore, in the future the
which gives, in theK-band,m =~ 333 at the periastron dis- detection of retro-lensing images in the X-ray band may be a
tance of S2. Since the photon impact parameter valbdeschallenging possibility.
andb; are very close to the Schwarzschild black hole radius A natural question that arises is what changes if the black
valueRsch ~ 1.2 x 102 cm, the retro-lensing images form athole at the galactic center is a Kerr black hole. Recently, the
~20 parcsecs from Sgr Aimplying that extremely high angu- generalization of the retro-lensindgfect due to rotating Kerr
lar resolution are required to see the details of the retro-imagelsick holes has been analyzed by De Paolis et al. (2003). Apart

As we have seen, the expected retro-lensing image magminor dfect in changing the value of the magnitude of the
nitude turns out to ben "~ 33 in theK-band for S2 in the retro-lensing images, the black hole spin produces a deforma-
pericenter position. Of course, present instrumentations haiom of the image shape since co-rotating and counter-rotating
not the right capability to detect such faint images. SIRTphotons have closer and further impact parameters, respec-
(Space Infrared Telescope Facility), a space based telesctiyely (Peter 1976; Bray 1986). The analysis of the retro-image
operating in the electromagnetic band1B0 um (National shape may therefore allow to specify the geometry of the sys-
Research Council 2001), will allow to detect, with an integraem and measure the spin parameter of the black hole.
tion time of 3 hours, a flu® ~ 107 erg cnts™* correspond-
ing to a limiting magnitude om =~ 22. Hence, SIRFT has ‘
not the required sensitivity to detect the S2 retro-images in t g erences
K-band. The attainable limiting magnitude will increase withAllen, C. W. 2000, Allen’s Astrophysical Quantities, ed. A. N. Cox
the Next Generation Space Based Telescope (NGST) which, (New York: Springer Press)
planned to work in the wavelength range-026 um (National Bray, I. 1986, Phys. Rev. D, 34, 367
Research Council 2001), is expected to have a sensitivity@Pozziello, S., de Ritis, R., Mank'o, V. I., Marino, A. A., & Marmo,
least 3 order of magnitude (at 2/am) better than SIRFT. G(.11997k,hPhyséSclr§8536, 2|v12h cal Th ¢ Black Hol
In fact, the energy flux (in a band centered & gm) that andrasexnar, . » Mathematica eory ot Black Holes

NGST is able to detect, within an integration time of 3 hour§JO (Oxford: Clarendon Press)

. . L nstellation X 2003, web page at:tp://constellation.gsfc.
is® ~ 2 x 10719 erg cnfs™! which corresponds to a limiting nasa.gov Pag P 9

magnitudem ~ 32. This limiting magnitude is very close tope paglis, F., Geralico, A., Ingrosso, G., et al. 2003, A&A, submitted
that necessary to observe S2 retro-lensing images that couldsbez, A. M., Duckhe, G., Matthews, K., et al. 2003, ApJ, 586, L127
effectively observed by NGST increasing the integration tim4olz, D. E., & Wheeler, J. A. 2002, ApJ, 57, 330
to about 27 hours. MAXIM web page athttp://maxim.gsfc.nasa.gov/

We have also to mention that, in addition to look toward¥ational Research Council 2001, Astronomy and Astrophysics in the
Sgr A* in the K band, another possibility to observe retro- New Millennium (Washington D.C.: Nat. Ac. Press)
lensing images in the future may b&ered by X-ray observa- Pessah, M., & Melia, F. 2003, ApJ, 585, L29
tions. Indeed, due to X-ray interferometry from space, the n&xgter J Y- 1976, Phys. Rev. D, 14, 3281
generation of X-ray telescope facilities may reach an angu :etg’ g : z'fzf)’o?gi(;"l_& AP aluéég' ibigggéAgi]és%’ 752
resolution down to @ uarcsec (see e.g. MAXIM 2003 and A '\ o ’ o,

. . . Wang, Q. D., Gotthelf, E. V., & Lang, C. C. 2002, Nature, 415, 148
Constellation X 2003). Clearly, the problem is the existence



