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ABSTRACT

The object G2 was recently discovered descending deep into the gravitational potential of the supermassive
black hole (BH) Sgr A*. We test the photoionized cloud scenario for the object, determine the cloud properties,
and estimate the emission during the pericenter passage. The incident radiation is computed starting from the
individual stars at the locations of G2 in different years. The radiative transfer calculations are conducted with
CLOUDY code and the 2011 luminosities in Br~ line, Hel line, M band, and L’ band are fitted. The spherically
symmetric, tidally distorted, and magnetically arrested cloud shapes are tested with both the interstellar medium
(ISM) dust and the 10 nm graphite dust. The best-fitting magnetically arrested cloud model has the density
inie = 3.6 X 10%cm™, the radius Riy = 5.5 x 10"°cm = 43mas, and the dust relative abundance A = 0.65. It
provides an excellent fit to the 2011 data, is consistent with the luminosities in 2004 and 2008, and reaches
an agreement with the velocity spread. The bow shock is estimated to pass the pericenter in 2012 about
At = 1.8 yrs before the center of mass (CM). The radio luminosity comparable to the quiescent level of Sgr
A* and the X-ray synchrotron luminosity several times the quiescent level are achieved by the bow shock in
the best-fitting model. The magnetic energy dissipation as the CM reaches the pericenter may lead, depending
on the dissipation rate, to a relatively bright infrared source with the apparent magnitudes up to my; ~ 13.0,
my = 13.0, and mg, ~ 14.6. Larger than previously estimated cloud mass mgjoug = 13MEam may produce a
higher accretion rate and a brighter state of Sgr A* as the cloud debris descend onto the BH.

Subject headings: black hole physics — Galaxy: center — ISM: clouds — magnetic fields — radiation mech-
anisms: general — radiative transfer

1. INTRODUCTION

The center of our Milky Way galaxy hosts a supermassive
black hole (BH) Sgr A* with a mass Mgy =4.3 X 106M@ lo-
cated at a distance d = 8.3 kpc (Ghez et al.| 2008} |Gillessen
et al.2009b). The BH is primarily fed by hot stellar winds
in the present epoch (Cuadra et al.| 2008} Shcherbakov &
Baganoff] 2010), while clumps of cold gas provide an addi-
tional fuel source. The accretion of such clumps may have
been responsible for multiple Sgr A* outbursts observed as
light echoes (Clavel et al.[2013; |Czerny et al.|2013). Another
object first identified as a gas cloud G2 is observed on its way
towards Sgr A* (Gillessen et al.[[2012] |2013a). Its tail was
later hypothesized to be unrelated to the cloud, so that the
compact object scenario is not excluded (Phifer et al.|2013)).
G2 is on a deeply plunging orbit with the pericenter distance
in the range r, = 1900—3100rg (Phifer et al.|2013; |Gillessen
et al.[2013b)), where rs = 2GMpy/ ¢? is the Schwarzschild ra-
dius. The center of mass (CM) of the cloud is predicted to
pass the pericenter in 2013 or 2014.

The G2 cloud may have formed from the colliding stellar
winds, which are subject to runaway cooling in the densest
regions(Cuadra et al.|2005} |2008)). The other cloud formation
scenarios are a creation of a protoplanetary disk (Murray-Clay
& Loeb|[2012), an encounter of a star with a stellar mass BH
(Miralda-Escudé|2012), and a nova outburst (Meyer & Meyer-
Hofmeister|[2012). In all these cases the observed radiation
comes from the gas photoionized and the dust heated by the
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intense starlight. Alternatively, the object could host a cen-
tral young star, which expels stellar wind (Scoville & Burkert
2013). The winds encounter ambient medium and produce a
reverse shock. The observed emission then comes from the
collisionally ionized shocked gas.

The object was extensively studied in the infrared (IR)
band.  The intrinsic luminosities of Brackett-y (Brvy),
Paschen-a (Paa), and Helium-/ (Hel) lines were determined
to yield L(Bry) = (1.06+£0.32)10%'erg s! and the dereddened
ratios L(Pac)/L(Bry) =11.0+0.5 and L(Hel)/L(Bry)=0.8 £
0.3 in the year 2011 (Gillessen et al.|2013b). The luminosities
of these three lines are consistent with constants: of Bry from
2004 till 2012 and of the other two lines from 2008 till 2011.
A constant L(Brvy) is not generally expected for a photoion-
ized cloud (Scoville & Burkert|[2013). The object was de-
tected in L' and M bands with the dereddened absolute mag-
nitudes M;, =-1.34+0.3 and My; =—-1.8+0.3 in 2011. An
upper limit with an apparent magnitude mg, > (17 —19) mag
was measured in a Ks band in 2011 (Gillessen et al.|[2012))
and with mg; 2 20 mag in 2012 (Phifer et al.[2013). The lat-
ter limit is uncertain due to the source confusion (Gillessen
et al.[2013b).

The observational manifestations of G2 passing close to Sgr
A* were quantified. The bow shock during the pericenter pas-
sage accelerates a substantial amount of electrons. Correspon-
dent synchrotron radiation leads to an observable flux increase
in the radio band (Narayan et al.|[2012} [Sadowski et al.[2013).
The radio flux predictions depend on the dynamics of the in-
fall, in particular, on the cloud cross-section. If G2 is a cloud,
then it is tidally disrupted at the pericenter (Gillessen et al.
2012). After the disruption some debris fall back onto Sgr A*,
which leads to a higher accretion rate and higher quiescent lu-
minosity (MosScibrodzka et al.[2012). The peak accretion rate
and the duration of this state depend on the geometry and the


mailto:roman@astro.umd.edu
http://astroman.org

2 Shcherbakov

cloud mass. Thus, knowing the cloud properties is important
for predicting the observational manifestations. The cloud ra-
dius was observed to be R.oud ~ 15 mas, which leads to the
density 7icjoug = 2.6 X 10°cm™ and the mass Mgoud = 3MEarth
(Gillessen et al.|2012). These estimates are based on a simple
photoionization of a spherical shape. A full radiative trans-
fer calculation and fitting of the full IR dataset were not con-
ducted. Neither the consistency of the cloud hypothesis with
the temporal behavior of the observed emission was quantita-
tively addressed. The detailed emission diagnostics may ei-
ther indicate that G2 is inconsistent with a gas cloud or con-
firm the cloud hypothesis and help to reliably determine the
object properties.

In the present paper we perform such detailed analysis of
G2 assuming a gas cloud paradigm. We compute the incident
continuum from a set of massive stars with known coordi-
nates and luminosities. We employ the radiative transfer code
CLOUDY (Ferland et al.|1998| 2013)) to simulate the emission
from the dust and the photoionized gas. In Section [2] we de-
scribe three models for the cloud shape: the spherical, tidally
distorted, and magnetically arrested. In Section [3] we present
fitting of the simulated emission to the data. We explore both
the 10 nm graphite dust grains and the full distribution of
grain sizes incorporated into the interstellar medium (ISM)
dust model. We find good fits to 2011 IR data and reproduce
the temporal behavior of the IR emission with both the spher-
ical and magnetically arrested cloud shapes. In Section 4] we
adopt the best-fitting magnetically arrested G2 model and es-
timate radiation during the pericenter passage. An IR source
is produced, when dissipation of the magnetic energy heats
the cloud. The radio luminosity of the bow shock is revised
down to about the quiescent level of Sgr A* owing to the
smaller cloud cross-section. The synchrotron X-ray luminos-
ity of the bow shock can exceed the quiescent X-ray power
of Sgr A*. In Section [5] we discuss the results. In the pa-
per we report the observed apparent magnitudes in the AB
system m, =—2.5log,,(F;,)—48.6 (Oke||1974) and the dered-
dened absolute magnitudes M. Correspondingly, the extinc-
tion is added to the simulated apparent magnitudes, but not
to the simulated absolute magnitudes. The extinction coeffi-
cients towards the Galactic Center are Ag, =2.42, A;r =1.23,
and Ay = 1.07 (Fritz et al.|2011).

2. DYNAMICAL MODELS OF THE G2 CLOUD
2.1. Spherical Cloud

A sphere is the simplest shape. The spherical cloud is char-
acterized by the radius Rj,;; and the proton density niyic. The
shape stays constant with time, which might not represent
the physical behavior of a tenuous gas clump with weak self-
gravity. However, the additional gravity of the enclosed star
may help to preserve the cloud shape (Phifer et al.[2013)).

2.2. Tidally Distorted Cloud
A tenuous object is tidally disrupted, when it passes within

the tidal radius
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from the BH. The tidal radius is r7 = 150 arcsec for the
G2 properties estimated in |Gillessen et al| (2012), It is
much larger than the semi-major axis asem = (0.5—1) arcsec
(Gillessen et al.|[2013b), so that the cloud self-gravity can be

neglected. We consider the parts of the cloud to move in-
dependently in the gravitational field of Sgr A*. On its way
towards the center G2 is stretched along the direction of mo-
tion and compressed in the perpendicular direction just like a
spherically symmetric accretion flow. We denote by riyi¢ the
distance to Sgr A*, where the cloud is formed and where the
spherical shape is assumed. The cloud may have formed near
the apocenter, where it spends most of the time during the or-
bit. The G2 apocenter is at 7yp, & 2a5em ~ 1 arcsec, so that we
take the formation distance to be

rinit = larcsec. 2)

The tidally distorted cloud is characterized by the initial ra-
dius Ry, and the initial density nyy;, similarly to the spherical
model. The half-length of such a cloud is
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the perpendicular size is
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at any distance » from Sgr A*. The tidally distorted shape is
more suitable, than the spherical shape, for the cloud without
the central source, but it assumes zero magnetic field.

and the density is

2.3. Magnetically Arrested Cloud

A strong magnetic field alters the shape of the cloud. We
denote by o the ratio of the magnetic field energy density to
the gas energy density in the cloud at the place of formation,

such that X
init
T

= 03kphinitTeioud, (6)

where the cloud temperature is approximately Tijouqa ~ 8 X
10° K (Gillessen et al[[2012). The magnetic flux conserva-
tion along the direction of motion

BuwicRiy =By p° @)

leads to a substantial growth of the B-field and the correspon-
dent magnetic forces as in the spherical magnetized accretion
flow (Shvartsman||1971; [Shcherbakov|[2008)). Two dominant
forces acting on the cloud perpendicular to its orbital plane
are the gravitational force
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where the cloud mass is #¢jond = (2Rinit) > pMinit, and the mag-

netic force
Bj
Fmagn = 8 4Lp. ©)

The hot ambient gas force Fy, and the cloud gas force Fi,
can be comparable to the magnetic force at the formation dis-
tance, but are sub-dominant inwards as the magnetization of
the cloud grows.

The parallel force balance is dominated by the rapidly

growing gravitational force F,|| o< L/r* o< r7/2, so that the
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cloud is stretched in the parallel direction according to the
equation (3) as in the tidally distorted model. Solving the per-
pendicular force balance

Fy = Finagn (10)

we find the perpendicular radius

5/8 ini 1/8 Rini
P=38mas< d ) ( init ) gt )
arcsec arcsec 0.larcsec

which depends weakly on both the initial cloud magnetiza-
tion ¢ and the formation distance. The distance from Sgr A*,
where the cloud becomes magnetically arrested is

N3 » —4/3
Fert = 78mas ( Tinit ) ( Rinic > 0_2/3' (12)

arcsec 0.larcsec
There the perpendicular cloud size switches from p o< r to p
/3 behavior. The critical distance Ferit €quals the formation
distance ri,; = 1 arcsec for the initial magnetization

2
Rinit
= . 13
7 < lSmas) (13)
The density is
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of the cloud, which forms magnetically arrested. The column
density of such a cloud is practically constant with distance
to Sgr A* as np o r'/3. We define the free-fall time at the
distance r as

r GMBH
tg = —, where vg =
VK r

s)

is the Keplerian velocity. The efficient magnetic energy dissi-
pation occurs on the Alfven timescale

_r _ By
ta = —, where vp =

VA \/4mnm,

is the Alfven speed. The ratio of these timescales is always

(16)
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in the magnetically arrested regime. Efficient energy dissi-
pation happens over the dynamical time, and then the cloud
shape approaches the tidally distorted shape. However, the
continuous magnetic field dissipation during the formation
and the initial motion of the cloud is likely to leave the large
scale ordered magnetic field or the highly helical magnetic
field (Biskamp|2003}; |Shcherbakov|2008). The resultant inef-
ficient dissipation occurs on the large timescale

tdiss > A (18)

We adopt the latter case of the weak dissipation and neglect
the influence of the finite 74;, on the cloud shape. We fit the
2011 observational data and explore the temporal behavior of
the models for all three presented shapes.

3. EMISSION LINES AND DUST DIAGNOSTICS
3.1. Incident Radiation

The incident radiation flux and spectrum need to be reli-
ably determined to model the cloud. We quantify the incident
radiation starting from the properties of the individual bright
stars in the Galactic Center region. We take the positions and
the velocities of the bright stars from |[Paumard et al.| (2006));
Lu et al.|(2009) and the stellar temperatures and luminosities
from Martins et al.|(2007)). Following|Cuadra et al.|(2008) we
correct the sample of Wolf-Rayet stars for completeness. The
incident flux emitted by the bright stars is dominated at Sgr
A* by IRS16NW, IRS16C, and IRS16SW. The vertical offset
z of IRS16NW and IRS16C are not known, but their z veloc-
ities are much larger than that of IRS16SW (Lu et al.|2009).
Then we assume IRS16NW and IRS16C to have zero vertical
offsets z=0. The rest of the bright stars contribute about 1/3
of the total flux from these three. The IRS16 stars are more
than 1 arcsec away from Sgr A*. The closer in, but less lu-
minous, S stars might substantially contribute. We explicitly
include SO-2 star into the calculations as one of the most lu-
minous and the closest to Sgr A* S stars (Martins et al.|2008;
Gillessen et al.|2009a). Dimmer S stars contribute relatively
little to the incident ionizing flux, when G2 is far from the
pericenter. Their initial mass function (IMF) has the slope
I'=-2.154£0.3 (Do et al.[2013). However, the dependence of
their bolometric luminosity on mass is very steep L, oc M> at
M, < 10M (e.g. |Salaris & Cassisi[2005) and the dependence
of the luminosity above the hydrogen ionization threshold is
even steeper. Heavy stars with the masses M, > 10M and
the top-heavy IMF (Bartko et al.|2010) are included into the
calculation individually.

The incident fluxes at the locations of G2 and Sgr A* are
presented in Table[T] The positions of G2 in the picture plane
are taken from Phifer et al.|(2013)), while the inclination angle
i=118° and the longitude of periastron w =97° are taken from
Gillessen et al.[(2013b). The SO-2 star was far from its peri-
center in the years of observations. The incident flux changed
by only 30% between 2004 and 2011 despite the G2 cloud
moved substantially. The total flux Fio; =5.2 X 104erg s”'em™
and the photon energy density Uy = 1.7 X 10%erg cm™ at Sgr
A*1in 2011 are an order of magnitude larger than the estimates
in|Krabbe et al.|(1991));|Quataert & Loeb|(2005), but are much
smaller than the flux and the energy density at Sgr A*, when
S0-2 passes through its pericenter (Nayakshin|2005)).

3.2. Radiation from the Cloud

The radiative transfer through the mixture of the ionized gas
and the dust is performed with the version 13 of CLOUDY
code (Ferland et al.| 2013). We effectively consider the
stretched cloud to be rectangular and irradiated perpendicular
to its longer side from one direction. We compute models with
the graphite dust with 10 nm grains and with the ISM dust,
which includes a range of grain sizes (Mathis et al.|[1977).
The former choice is motivated by the high inferred dust tem-
perature, which can only be achieved by the very small grains
(Draine| 2011} |Gillessen et al.|2012). We consider the spheri-
cal, tidally distorted, and magnetically arrested cloud shapes.
We vary the dust abundance A relative to the ISM (Bohlin
et al.|[1978) and the cloud radius Ry fitting the 2011 IR data
for each of the initial cloud densities n;,;;. We fit the Bry lu-
minosity, the ratio L(Hel)/L(Br~), and the luminosities in M
and L’ bands. We do not fit the ratio of the Pac luminosity to
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TABLE 1

DISTANCES AND INCIDENT FLUXES AT THE LOCATIONS OF G2 AND SGR A* IN DIFFERENT YEARS

Quantity In 2004 at G2 In 2008 at G2 In 2011 at G2 At G2 pericenter In 2011 at Sgr A*
Distance from G2 to Sgr A*, arcsec ? 0.59 0.43 0.30 0.020 e

Total flux®®, 10%erg s~ Tcm™2 3.0 (75%) 3.5 (87%) 4.0 (100%) 5.7 (142%) 5.2 (129%)

S0-2 flux?,10%erg s Tem™2 0.26 (31%) 0.47 (57%) 0.84 (100%) 2.6 (306%) 2.0 241%)

Total of IRST6NW, IRST6C, and IRST6SW | 2.8 (86%) 3.1(95%) 3.2 (100%) 3.2 (100%) 3.2 (100%)
fluxesP,10%erg s™'ecm™2

SO-2 contribution to flux 8.4% 13% 21% 44% 39%

2For the orbital inclination angle i = 118° and the longitude of periastron w = 97°.

bFluxes relative to 2011 are shown in parentheses.

¢Computed as the sum of the SO-2 flux and 4/3 of the total flux from IRS16NW, IRS16C, and IRS16SW.

the Bry luminosity, as it is practically constant
L(Pac)/L(Bry)=11.7-11.8 (19)

for all computed models. The values 11.7—11.8 are within
20 from the observed ratio. We consider the transmitted con-
tinuum, but check that the reflected continuum is consistent
with it to within 10% in each IR band of interest for all com-
puted models. The Hel line shows the largest optical depth
7 among the lines of interest, but it is still optically thin with
7=0.03-0.1.

The properties of the spherical models, which provide the
best fit to the data at each density, are shown in Figure 1| for
the ISM dust (solid lines) and the 10 nm graphite dust (dashed
lines). The models with the graphite dust fit the data very
well for a wide range of densities njyir = 3 X 10— 107cm™.
The exception is a narrow region of a poor fit around nj,; =
1.5 x 103cm™, where the simulated ratio L(Hel)/L(Brv) is
too high. In turn, the models with the ISM dust favor the
low densities around ni = 7 X 10*cm™3, for which the dust
content is a fraction A = 0.7 of the dust content in the ISM.
The high-density models with the ISM dust do not fit the
data well as the dust emission becomes too red and the ratio
L(Hel)/L(Br) becomes too high both owing to a substantial
attenuation of the incident radiation by the cloud. The best-
fitting cloud mass is around g = 10MEym. The observed
Ks magnitude mg, = 19.7 is consistent with the non-detection.
However, the best-fitting radius Rjp; = 5 X 10'3cm = 40 mas is
larger than the observed spatial extent of the cloud (Gillessen
et al.[2012)). No models with the ISM dust are consistent with
the observed radius and only the high-density models with the
10 nm graphite grains are marginally consistent.

The properties of the magnetically arrested models
(blue/dark lines) and the tidally distorted models (green/light
lines), which provide the best fit to the data at each density,
are shown in Figure |2| for the ISM dust. The best-fitting ini-
tial densities for these shapes are njp; = 3.5 x 10*cm™ and
ninic = 1.5 x 10*cm™3, respectively. These densities correspond
to the same cloud density 7 = (6—8) x 10*cm™ in 2011. The
best-fitting masses of the cloud mjoug, the relative dust abun-
dances A, and the simulated apparent Ks magnitudes prac-
tically coincide with the values for the best-fitting spherical
model. The initial cloud radii Ry, < 6 ¥ 10" cm are consis-
tent with the observations due to the shrinking of the cloud in
the perpendicular direction. We discuss the consistency with
the size observations in more detail below for the best-fitting
model.

The critical test for any cloud model is the ability to repro-
duce the IR observations made in different years. In Figure 3|
we present the simulated normalized Bry luminosity, the ra-
tio L(Hel)/L(Bry), and the absolute magnitude M;, for the
spherical clouds in the years 2004, 2008, and 2011. The mod-

els tested are the ones, which provide the best fits to the 2011
data for each initial density. We find two large classes of the
outcomes different by the optical depth to the irradiating ion-
izing continuum. The optically thin models with low 7, do
not substantially attenuate the ionizing flux and maintain the
high gas temperature Tgouq = (0.7 —-1.2) X 10* K throughout
the cloud. The optically thick models with high nj,;; absorb
most of the ionizing radiation, so that their temperature drops
t0 Tetoud < 5 x 103 K on the far side of the cloud. The latter
models emit most of their IR flux near the irradiated side of
the cloud. The optically thin spherical clouds exhibit practi-
cally constant with time L(Bry). Since the cooling function
depends strongly on the temperature A(T) oc T° with § ~ 5 at
T ~ 10* K, then the increase by 30% of the irradiating flux
between the years 2004 and 2011 leads to only a 6% temper-
ature rise. The line emissivity (Draine|2011)

a(Bry) o< T'n? (20)

then decreases by 6%, which explains the trend at the lowest
simulated densities. The increase of L(Bry) in the optically
thick group simply follows the rise of the irradiating flux,
since both the density and the cross-section of the spherical
cloud remain constant. The ratio L(Hel)/L(Brv) slightly de-
creases in the optically thin models between 2008 and 2011
consistently with the observations. The flux emitted by the
dust always positively correlates with the incident flux and
the source becomes brighter with time in L’ band. The tem-
poral dependence of the M-band absolute magnitude directly
follows the dependence of the L’ magnitude shown in the bot-
tom panel. The best-fitting model lies within the optically
thin group and thus not only explains the spectrum in 2011,
but also reproduces the observations in the earlier years. The
models with the ISM dust and the graphite dust behave simi-
larly.

In Figure [ we present the temporal behavior of the tidally
distorted and the magnetically arrested models with the ISM
dust. The models tested are the ones, which provide the best
fits to the 2011 data for each initial density. The tidally dis-
torted shapes show distinct behaviors for the optically thin and
the optically thick groups. The Bry luminosity rises steeply in
the optically thin group, which includes the best-fitting model.
This is due to a large density increase with time and is in-
consistent with the observations. The ratio L(Hel)/L(Br~) in-
creases with time in a tidally distorted model. In turn, the opti-
cally thin and the optically thick magnetically arrested models
behave similarly, owing to the less dramatic temporal changes
of density. The rise of the Bry luminosity by 1.3 from 2004
to 2011 is marginally consistent with the observations of this
line (Gillessen et al.|2013b)). We conduct the linear regression
over the observed values of L(Brv) and find that the varia-
tions by 30% between 2004 and 2011 are near the boundary
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F1G. 1.— Properties of the best-fitting spherical clouds for the different den-
sities njpic: the minimum 2 for fitting L(Bry), L(Hel)/L(Br~y), M/, and My
(panel a), the relative amount of dust A (panel b), the initial cloud radius Rijpj;
(panel ¢), the cloud mass measured in the masses of the Earth m¢ioua/MEarh
(panel d), and the simulated apparent Ks magnitude mg; (panel e). Shown are
the models with the ISM dust (solid) and the 10 nm graphite dust (dashed).

of the 90% confidence interval. The optically thin magneti-
cally arrested models have a small negative temporal slope of
the L(Hel)/L(Br+) ratio in agreement to observations.

3.3. Best-fitting Magnetically Arrested Model
The best-fitting magnetically arrested cloud model has the
density, the radius, and the relative dust abundance

Rinie = 3.6 X 10*cm™, Rinie = 5.5 x 10cm = 43mas, A =0.65,
(1)

Magnetically arrested cloud (blue/dark)
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FIG. 2.— Properties of the best-fitting magnetically arrested (blue/dark
lines) and tidally distorted (green/light lines) cloud models with the ISM dust
for the different initial densities n;p;: the minimum y?2 for fitting L(Bry),
L(Hel)/L(Bry), My, and My (panel a), the relative amount of dust A (panel
b), the initial cloud radius Rjyi; (panel c), the cloud mass measured in the
masses of the Earth mcioud/MEarm (panel d), and the simulated apparent Ks
magnitude mg; (panel e).

respectively, and reaches x? = 0.33. This relative dust abun-
dance corresponds to the dust-to-gas ratio 4.14 x 10~ by
mass, while the total mass of such cloud is m¢joug = 13MEarth-
The cloud with the initial size Rj,; = 43mas shrinks in the
perpendicular direction to p =25 mas and p = 20 mas in 2008
and 2011, respectively, which is consistent with the direct size
measurements (Gillessen et al|[2012). However, the radial
stretching to the half-length L =78 mas produces the projected
size R =37 mas in the picture plane in 2011 for the inclination
angle i = 118° and the longitude of periastron w = 97°. The
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F1G. 3.— Temporal dependence of quantities in the best-fitting spherical models for a range of the initial cloud densities njy;;: the Bry luminosity normalized to
the observed line luminosity (top row), the ratio L(Hel)/L(Br~y) (middle row), and the absolute magnitude M;, (bottom row). The models with the initial densities
log(njml,cm‘3) =4.6,4.7,4.8,4.9,5. correspond to the optically thin group (light/yellow lines), while the models with the initial densities log(nmil,cm‘3) =
5.1,5.2,5.3,5.4 correspond to the optically thick group (dark/blue lines). The left column shows the results for the ISM dust and the right column shows the

results for the 10 nm graphite dust.

velocity spread between two ends of the cloud is

2GM,
Ava [ =5 Lsinisinw, (22)
r
when the object is on a highly eccentric orbit far from the
pericenter. The values Av = 333kms™' in 2011 and Av =

205km s~! in 2008 for the chosen orbital parameters perfectly
agree with the intrinsic integrated full-width at half-maximum
velocity Aveps =350 £ 40km s~ in 2011 and Avgp, = 210+
24km s™' in 2008 reported in |Gillessen et al.| (2012) for the
head of the cloud. The consistency of the radial velocity
and the seeming inconsistency of the apparent cloud size can
be ascribed to either the uncertainty of the size measure-
ment emphasized in |Gillessen et al. (2013b) or the uncer-
tainty of the G2 orbital parameters or the modeling approx-
imations in this work. The spectrum of this model in 2011
is shown in Figure 3] (blue line). The modified blackbody
spectrum (red line) represents the contribution of the smallest
dust grains with sizes 6 —13 nm, which have the temperature
Taust = 489 K. The larger grains, which have the lower tem-
peratures Tyue = 300—-450 K, contribute substantially to the

observed emission in the M and L’ bands. The emissivity of
the smallest particles €, is given by the modified blackbody

‘CBJ dust ’

where B, is the blackbody spectrum.

The cloud is magnetically arrested at a distance ryy; = 1 arc-
sec, when its magnetization is ¢ ~ 10 according to the for-
mula (I3). The ambient hot gas density and temperature
are approximately (Baganoff et al. 2003; Shcherbakov &
Baganoff|2010)

€y x V’B, x 1 (exp { 23)

-1
e =130 () o™ (24)
arcsec
and
PN
Ty =3 107 (=) (25)
arcsec

The gas pressure of the best-fitting magnetically arrested
model is about 10% of the ambient gas pressure at the for-
mation A Teioud ~ 0.17gs5T a5, but the cloud magnetic force
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FIG. 4.— Temporal dependence of quantities in the best-fitting magnetically arrested (left column) and tidally distorted (right column) models for a range of
the initial cloud densities niy;: the Bry luminosity normalized to the observed line luminosity (top row), the ratio L(Hel)/L(Br~y) (middle row), and the absolute
magnitude M;, (bottom row). The models with the initial densities log(niml,cm‘3) =4.2,4.3,4.4,4.5,4.6 correspond to the optically thin group (light/yellow
lines), while the models with the initial densities log(nini[,cm‘3) =4.8,5.,5.2,5.4,5.6 correspond to the optically thick group (dark/blue lines).
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FIG. 5.— IR spectrum of the best-fitting magnetically arrested model in
2011 (blue/dark line), modified blackbody contribution of the smallest dust

grains (red/light line), and observations reported in |Gillessen et al.| (2012)
(error bars and upper limit in black/dark).

Finagn is comparable to the ambient gas force Fo,. However,
the magnetic force grows faster inwards, which justifies ne-
glecting the ambient gas in calculation of the shape. Let us
estimate the radiation from such cloud, when it passes through
the pericenter.

4. RADIATION DURING PERICENTER PASSAGE
4.1. Bow Shock Radio, IR, and X-ray Emission

As the cloud passes through the pericenter, it creates a bow
shock with a Mach number M = 2, which accelerates the
electrons (Narayan et al.|[2012; [Sadowski et al.|2013). The
accelerated electrons radiate synchrotron emission, most no-
tably in the radio band. The particle distribution was formerly
estimated to be

dN

= 2% 1097722,

)
0 v >

(26)
for the fiducial efficiency 5% and the cloud perpendicular ra-
dius pram = 10'° cm at the pericenter. The ambient hot gas
density is n ~ 4 x 10°cm™3, the temperature is T ~ 10° K,
and the ambient magnetic field is B ~ 0.05 G at the adopted
pericenter radius r, = 2000rs. The corresponding perpendic-
ular radius of the best-fitting magnetically arrested cloud is
pp =5.0 x 10"cm = 400rs according to equation (11). Then
we estimate the normalization constant of the particle distri-
bution to be a factor of (pram/pp)* =4 lower. The particle
distribution with the slope p = 2.2 does not continue till the
infinite Lorentz factor, but breaks at a characteristic 7.qo de-
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termined by cooling (Yuan et al.[2003). The synchrotron cool-
ing timescale is
6mm,c

Tsynch = T’YBZ’ 27
while the characteristic dynamical timescale is
fayn ~ 2t = 4months, (28)
so that the cooling break is at
Yeool ~ 3 % 10, (29)

The modified electron distribution is
di]v ~5x%x10% '7_22’ s for v < Yeool (30)
dry Yeool Y%, TOT ¥ > Yeoor-
The peak frequency of the synchrotron emission is
3 B
v=—25 G1)

B 47T7 myc’

which corresponds to the frequency veoo = 2.7 x 10'* Hz and
the near-IR wavelength A.,, = 1.1um for the electrons at the
cooling break. Averaging the synchrotron emissivity (Rybicki
& Lightman|1979) over the pitch angles we obtain the specific
luminosity

L =510 V31 B [ 2mmeer\ VP2 32)
v 2myc(p+1) \ 3eB &

where the constant equals g = I'(p/4 + 5/4)T'(p/4 +
19/12)T(p/4—1/12)/T(p/4 +7/4) with a gamma-function
['(x). The optically thin specific fluxis F, =L, / (47d?), which
gives

v
GHz

below the cooling break. This estimate is several times lower
than the prediction in|Narayan et al.[(2012).

The specific flux at v =22 GHz is expected to increase by
only AF, = 0.4 Jy, which is lower than the quiescent level
of Sgr A* at that frequency (Shcherbakov et al.|2012)). The
G2 radio flux is comparable to the Sgr A* flux at the lower
frequencies v < 14 GHz, but the observational error at these
v is also high (Bower et al|[2013). The bow-shock K-band
flux is

—0.6
FV%2.7( ) Jy for A > 1.1um (33)

F,(2um) ~ 2mly, (34)

which is also below the quiescent level of Sgr A* (Dodds-
Eden et al.|2011)) and is difficult to measure. The maximum
electron Lorentz factor

6me 172
vmax=(o_TB) > 108 (35)

is determined by the equality of the cooling time and the ac-
celeration time (Pe’er & Waxman|[2005). Such high Lorentz
factors are found in the supernova shock remnants, which ap-
pear to produce X-ray synchrotron emission (Reynolds|1996).
The electrons with relatively moderate Lorentz factors vy ~
10% produce the X-rays at the G2 pericenter. The specific syn-
chrotron flux above the cooling break behaves as F,, oc v~
and the estimated intrinsic luminosity is

-0.1
L, =1.5x 107 (ﬁ) erg s for A < 1.1um. (36)

The predicted power vL, = 1.5 x 103 at v = 4 keV is sev-
eral times above the quiescent unabsorbed luminosity of Sgr
A* Ly ~ 3 x 10%%erg s7! (Baganoff et al.[2003; Wang et al.
2013), but much below the luminosity Ly =4 x 10*erg s~! of
the magnetar, which turned on near Sgr A* on 2013 April 23
(Kennea et al.|2013; Rea et al.|[2013)).

The bow shock should have passed through the pericen-
ter around 2013 March according to |Sadowski et al.| (2013)
ahead of the CM. The specific flux increase by AF, =0.4 Jy
at 22 GHz was indeed observed in 2013 April (Tsuboi et al.
2013), but the observations in 2013 June by Bower et al.
(2013) showed that Sgr A* returned to the mean level of radio
flux. As the intrinsic variability of Sgr A* is about 0.4 Jy at
22 GHz (Shcherbakov et al.|2012), then the rise observed in
2013 April may have been unrelated to the cloud, especially
since no substantial flux increase was detected at the lower
frequencies v = 1.5—-14 GHz (Bower et al.[[2013). No sub-
stantial X-ray flux increase was reported either from the Sgr
A* region before the magnetar turned on in 2013 April (Rea
et al.|2013)).

However, we predict an even earlier bow shock pericen-
ter passage. All computed magnetically arrested and tidally
distorted models have a much larger cloud half-length L ~
0.3 arcsec at the pericenter compared to the estimate in
Sadowski et al.|(2013). Then the time between the bow shock
passes through the pericenter and the CM passes is

At = 1.8years. 37

The flux increase could have happened in 2012 and lasted for
about the dynamical time 4y, ~ 4 mo at the frequencies above
the cooling break. An increase of the quiescent Sgr A* X-
ray luminosity by up to 10*3erg s! is measurable in the 2012
data from Chandra X-ray visionary project (PIs: Baganoff,
Nowak, and Markoff) (Nowak et al.[2012)). The detailed anal-
ysis of these data can place a useful limit on the particle ac-
celeration to the high Lorentz factors by the G2 cloud bow
shock.

The ratio of the ambient magnetic field energy density to the
radiation energy density is about 1072 at the pericenter. Then
the inverse Compton power is 100 times lower than the syn-
chrotron power for the same +, thus the particles cool via the
synchrotron radiation. The inverse Compton emission power
(Rybicki & Lightman|[1979)

4
Lec= gaTC’yzUph (38)

peaks at a frequency

Ve =Y Vph, (39)

where v, is a frequency of the seed optical and ultraviolet
photons. The inverse Compton X-rays are produced by the
electrons with the Lorentz factors v = 20—60. Convolution of
the electron distribution with the photon field gives the inverse
Compton X-ray luminosity

Lx c(2—10keV) =3 x 10*erg s~ (40)

much below the quiescent level of Sgr A*. The inverse Comp-
ton scattering of the dust IR emission produces an even lower
X-ray power, since the particle acceleration site is offset from
the CM.

4.2. Emission from the Bulk of the Cloud
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When the tidally disrupted object is not magnetized, then
the tidal shock occurs at a specific location, where the orbital
planes of the independently moving cloud particles intersect
(Carter & Luminet|1983;|Luminet & Marck|1985)). The shock
can locally heat the gas up to the relatively high temperature,
despite the compressed gas cools efficiently on the way to
the pericenter (Saitoh et al.|[2012). However, the tidal shock
does not occur in the magnetically arrested model, where the
cloud is supported by the magnetic pressure. Instead, rela-
tively gradual heating takes place over the entire volume of
the cloud.

The best-fitting magnetically arrested model has the den-
Sity Rperq = 7 X 10*cm™3, the magnetic field Bpeq ~ 0.7 G,
and the Alfven crossing time 5, ~ 1 mo at the pericenter.
The self-consistency of the model requires that the magnetic
field dissipation time is much longer than the Alfven time
tdiss =, 10t5 = 0.8 yr. Then the volume heating rate is

B2..
Oval S %t&ilss ~8x 10 %rg s'em™. (41)
Heating is substantial only over a part of the cloud near the
pericenter with the length AL ~ 2R, since Qo depends
steeply on the distance to Sgr A*.

Gillessen et al.| (2012, |2013b)) expect the interaction with
the hot ambient medium to drive a strong shock into the cloud,
since the gas pressure of the cloud is much less than the am-
bient pressure. However, the ratio of the ambient gas pressure
to the cloud magnetic pressure is

Pgas 87T'ngaskB Tgas

~0.07 (42)
Pmagn B geﬂ

at the pericenter in the magnetically arrested model. The ratio
is much less than unity and the cloud is magnetically sup-
ported against the ambient hot gas. Then we do not expect
the shock or the corresponding X-ray radiation. The equa-
tion (42)) also justifies neglecting the ambient gas force Fy; in
the force balance given by the equation (I0).

We simulate the emission from the part of the cloud near
the pericenter heated by the magnetic field dissipation. The
model with the dissipation time #4;ss = 10zs produces the hot
gas at T =~ 0.7 keV, which emits practically no hydrogen or he-
lium lines. The resultant X-ray luminosity is Lx(2—10keV) =
5 x 10%%erg s™', much below the quiescent level of Sgr A*.
The dust temperature reaches Ty,s = (1 —1.5) X 10% K, which
is barely below the sublimation threshold (Guhathakurta &
Draine|1989; [Ferland et al.|2013)). Such dust manifests as an
IR source with the apparent magnitudes my, = 13, my = 13,
and mg, = 14.6, which are about 2 mag brighter in M and L’
band and up to 5 mag brighter than the upper limit in K band,
when compared to 2011 data. The model with a longer dissi-
pation time fgss = 20 has a slightly lower temperature T ~
0.45 keV, but a much lower X-ray luminosity Ly (2—10keV) =
1 x 10*? erg. The corresponding apparent magnitudes are
my = 13.6, myy = 13.6, and mg, = 15.6. The gas cools more
efficiently for the larger dissipation times #4iss = 2024, so that
the gas temperature settles to 7 = (2—6) x 10* K. This drives
Bry luminosity down from the case of no extra heating. If
only the ionizing radiation heats the gas, then the simulated
Bry luminosity is L(Bry) ~ 2 x 10%'erg s™! at the pericenter
due to the larger cloud density and the higher SO-2 flux, which
is 2 times higher than the observed level. Even small heating
with 2455 = 20t decreases the Bry emissivity in the optically

~

thin models, which could lead to a constant or a decreasing
Brv flux from the cloud as it passes through the pericenter.

5. DISCUSSION AND CONCLUSIONS

In the present paper we report the line and the dust diag-
nostics of the G2 object, hypothesized to be a cloud, moving
towards Sgr A* in the Galactic Center. We consider three
cloud shapes: the spherical, tidally distorted, and magneti-
cally arrested. The spherical shape can be preserved by the
cloud in the presence of the central star. The tidally distorted
shape is appropriate for the unmagnetized cloud. The mag-
netically arrested regime is representative of the magnetized
cloud behavior. We identify the optically thin and the opti-
cally thick groups of models based on the optical depth to
the incident ionizing radiation. The models perform differ-
ently, when compared to the data. The optically thin spherical
models show the constant Brvy luminosity, despite Scoville &
Burkert| (2013) expects only the collisionally ionized gas with
the internal energy source to reproduce L(Bry) = const. How-
ever, the spherical models overestimate the cloud size above
the observed value. The optically thin tidally distorted shapes
show a relatively large increase of L(Brv) inconsistent with
the observations, while the optically thick tidally distorted
shapes provide worse spectral fits. All computed magnetically
arrested models show the relatively weak increase of L(Brvy)
with time marginally consistent with the observations.

The best-fitting magnetically arrested model has the ini-
tial density nj = 3.6 X 10*cm™3, the initial radius Ry =
5.5 x 10%cm = 43mas, the cloud mass migoud = 13MEam, and
the relative dust abundance A = 0.65. Such cloud forms as a
spherical object at the distance 7y, = 1 arcsec from Sgr A*.
From the place of formation to the pericenter the cloud is in
the perpendicular balance of the magnetic force and the grav-
itational force. This model reaches an excellent agreement
with the Bry luminosity, the ratio L(Hel)/L(Br~), and the L’
and M magnitudes observed in 2011. It is marginally con-
sistent with the luminosities and the magnitudes reported in
2004 and 2008. The perpendicular cloud size agrees with the
observed size in 2008 and 2011, while the radial stretching
of the cloud leads to the projected size somewhat larger than
the observed. However, the correspondent spread of the ra-
dial velocity matches the observations in 2008 and 2011. The
agreement of the velocity spread and the seeming overpredic-
tion of the cloud size may find explanation in the uncertainties
of the observations or in the approximations of modeling.

The L' band emission is simulated to grow by AM;,
0.5 mag from 2004 till 2011 and is expected to reach m;,
14.3 mag at the pericenter as the incident flux further in-
creases by 40% compared to 2011 (see Table [T). The dim
S stars provide an additional contribution to the incident flux
at the pericenter due to the rising inwards surface brightness
profile 3 oc 7~093%+0:09 (Do et al.[2013). They are not expected
to produce a substantial number of the ionizing photons, but
their radiation is reprocessed by the dust. However, the in-
ternal dust heating may dominate the heating by the incident
flux. The dissipation of the magnetic energy near the peri-
center raises the temperature of the gas, which collisionally
heats the dust. As a result, the dust emits substantially more
IR light and the cloud could reach observed magnitude up to
my, = 13. The observations of the pericenter passage in the IR
band probe the magnetic energy dissipation rate, though such
observations are difficult due to the source confusion near Sgr
A* (Phifer et al.|2013)).

The bow shock region is expected to produce a distinct ra-
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diative signature. The bow shock should brighten in the ra-
dio band and the X-rays about At ~ 1.8 yrs before the CM
passes through the pericenter. The brightening lasts for the
dynamical time #qy, ~ 4 mo at the wavelengths A < 1.1pm
affected by the synchrotron cooling. The best-fitting magneti-
cally arrested model predicts the specific flux of F,, =0.4 Jy at
v =22 GHz and the X-ray luminosity vL, = 1.5 x 10**erg s~!
at v =4 keV. This radio flux is a factor of several lower than
the prediction in Narayan et al| (2012) owing mainly to the
smaller cross-section. However, the predicted emission is still
uncertain by a factor of several, since the particle accelera-
tion efficiency is not known (Narayan et al.|[2012). The pos-
itive detection or the non-detection of the radio flux from G2
constrain the product of the particle acceleration efficiency by
the bow shock cross-section. The X-ray observations con-
strain the acceleration of particles to the large Lorentz factors
~ ~ 10%. Our suggestion of the very early bow shock peri-
center passage is strengthened by the achieved match to the
observed spread of the cloud radial velocity.

Following the pericenter passage the cloud is disrupted by
the combined effects of the Kelvin-Helmholtz and Rayleigh-
Taylor instabilities, the external pressure, the differential
gravitational force, and the conductive heating of the cloud
(Gillessen et al.[2012;Burkert et al.|2012;|Anninos et al. 2012;
Saitoh et al.|2012; Ballone et al.2013). We predict a fac-
tor of 4 larger mass of the cloud compared to the estimate in
Gillessen et al.| (2012). The resultant BH accretion rate and
the accretion flow luminosity are also higher (Moscibrodzka
et al.[[2012), if the disruption dynamics is unchanged. The
heavier clouds are to be tested with the future numerical sim-

ulations of G2.

Despite the agreement with the data, the best-fitting mag-
netically arrested model might not fully represent the G2
cloud. We considered three idealized cases for the shape,
while more options are possible. If the magnetization is rela-
tively low o < 10, then the cloud starts off as the tidally dis-
torted shape, while closer to the pericenter it switches to the
magnetically arrested regime. However, if the switching hap-
pens after 2004, then such hybrid models may exhibit a large
rise of the Bry luminosity inconsistent with the observations.
The magnetized cloud may not be closely follow the com-
puted magnetically arrested shape. If the magnetic field in the
cloud dissipates on the dynamical timescale, then the object
approaches the denser tidally distorted shape. Such models
are similarly disfavored by the observations. Finally, the dy-
namical effects acting on the cloud may reduce its mass. Then
L(Bry) could rise less steeply or even be constant with time
in the magnetically arrested models, so that the better consis-
tency with the observations is reached.
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