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Was the Milky Way galaxy a low-luminosity active galactic nucleus (AGN) in the past? Can we
find traces of remnant structures supporting this idea? What is the three-dimensional arrangement
of matter around our central supermassive black hole? A number of fundamental questions con-
cerning our own Galactic center remain controversial. To reveal the structure of the high-energy
sky around our galactic core, a technique more sensitive to the morphology of the emitters than
spectroscopy is needed. In this lecture note, I describe how X-ray polarimetry can open a new
observational window by precisely measuring the three-dimensional position of the scattering
material in the Galactic center. The observed polarization degree and polarization position angle
would also determine unambiguously the primary source of emission and trace the centennial his-
tory of our supermassive black hole by detecting echoes of its past activity thanks to astrophysical
mirrors. Finally, the synergy between X-ray polarimetry and infrared and radio observations can

be used to better constrain the geometry in the first hundred parsecs around the Galactic center.
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1. The Galactic center region

At adistance of 8.33 £ 0.35 kpc [9] from our Solar system is an astrophysical environment that
presents an extremely rich collection of gaseous, stellar and gravitational components: the Galactic
center (GC). Due to the GC proximity, the angular size of its central supermassive black hole
(9.65 pas) may become resolvable in the near future thanks to very-long-baseline interferometry in
the radio domain, making the Milky Way an excellent laboratory to locally investigate the processes
happening in more distant galaxies. Until then, observations are studying Galactic regions up to a
few hundred parsecs from the GC.

Within this Galactic volume, the stellar population is rich in young and massive stars, which
is characteristic of a recent and/or ongoing star formation. The stars are essentially concentrated
in a disk-like structure called the nuclear stellar disk, extending up to 230 pc in width and 45 pc in
height; with stellar clusters being more frequent in the center of the nuclear bulge [10]. At similar
distance scales, the maximum concentration of interstellar gas is gathered in an inclined molecular
and atomic disk that extends up to 1.5 kpc from the center, carrying about 10’ M, of H I [5].
This disk reaches the inner 2 pc of the GC, where it forms a non axisymmetric reservoir of gas
with total mass of 2 — 5 x 10° M, [16]. This dense, warm, molecular and atomic region is seen
nearly edge-on (< 20°), extends up to 3 pc along the North-East direction and up to 7 pc along
the South-West [8], and is usually denoted as the circumnuclear disk (CND). More generally, the
first hundred parsecs around the CND is rich in molecular gas, so that this region is named the
central molecular zone (CMZ). The central two parsecs of the GC are occupied by the Sgr A West
region which appears to be dominated by ionized gas emission. Finally, at the very center is a
radio-intense, sub-arcsecond, structure that has been discovered in 1974 [2] and later associated
with a strong gravitational field that governs the orbit of nearby stars [7]. This is considered as the
first reliable identification of a supermassive black hole.

The GC is thus a vast concentration of molecular and atomic gaseous regions, bright star
clusters, dynamical structures and, more importantly, a central supermassive black hole (Sgr A*).
Its proximity allows us to probe the direct environment of a > 10° M, compact region and better
constrain the growth mechanism of black holes, the physical condition of the early Universe and
the formation of galaxies.

2. X-ray polarimetry as a new observational window

Despite its proximity and the numerous radio to y-ray observations of the GC, the history
of the central parsecs of the Milky Way remains questioned. The quiescence of Sgr A*, which
accretes at a fairly slow rate (1078 M.y !
observations of nearby nebulae [24, 15]. Situated at projected distances < 150 pc, a collection of
molecular gas clouds has shown to have “strong” (Lxy ~ 1033 ergs s~ [15]) absorption-corrected

X-ray luminosities in comparison with Sgr A* (~ 2.4 x 1033 ergs s~ ! [1]). Their spectra can

near the event horizon [1]), is in contradiction with past

be described by a power-law continuum and a prominent 6.4 keV iron emission line, both being
attributed to Compton scattering and fluorescence processes. The hypothesis of an irradiating X-
ray source located inside the nebulae has been ruled out by the absence of significant long-term
variability of the iron Ko line [18]. In addition, the observed disagreement between the molecular
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Figure 1: Simulated 4 — 8 keV polarimetric map of the GC, using the point spread function of the XIPE
mission. The polarization degree is color-coded and ranges from white (0 %) to blue (100 %). Eleven of
the most observed reflection nebulae has been simulated to observe the effect of scattering-induced linear
polarization. Dark segments are representative of the estimated polarization position angle (dashed line) and
its associated error (solid line). The field of view (FoV) of XIPE is indicated with a white box, and a blue
star indicates the position of Sgr A*.

mass distribution of the Sgr B2 cloud and the location of the peak of the extended 6.4 keV emission
suggests an external source that would be located in the vicinity of Sgr A* [15]. One possible
conclusion is that the 6.4 keV bright, giant molecular clouds are reprocessing a past X-ray activity
of Sgr A*, of which the duration and intensity are debated.

To evaluate the intensity of the activity period (not to be mistaken with short-lived X-ray flares
nowadays observed in the GC, e.g. [17]), one can relate the intrinsic luminosity of the source to
the iron Ko line flux and to the inverse of the distance to Sgr A*. If the former is known (with
typical uncertainties lower than 15 %), the latter is restricted to the observed projected distance
between the supermassive black hole and the reflection nebula. X-ray spectroscopy [20] and radio
observations [21] were used to infer the position of the scattering nebulae but their results suffer
from large uncertainties that does not allow to precisely constraint the solid angle of the cloud from
the location of the primary source. This is a crucial piece of information (together with the cloud
optical depth) to properly constrain the history and morphology of the GC.

Information about the spatial location of the last scattering event are encoded in photons by
a phenomenon called polarization. In white light, most sources of light are incoherent and ran-
domly polarized (over time the polarization is constantly changing in an unpredictable manner),
but scattering can force the electric field vector to oscillate in a given plane, resulting in measur-
able polarization. Reflection nebulae are thus potential targets for X-ray polarimetry. Moreover,
the degree of scatter-induced polarization is strongly correlated with the angle between the source,
the mirror and the observer. Based on these properties, it has been proved that the molecular cloud
Sgr B2 should produce large (> 30 %) degrees of linear polarization in the 2 — 8 keV [6] and 8
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Figure 2: An example of broadband synergy between IR spectroscopy (temperature map from [14]) and
X-ray polarimetry (green lines, representative of the polarization degree and polarization position angle
[11]) in the Galactic center. The central, quiescent, SMBH Sgr A* is revealed by its imprints onto the
central molecular zone (CMZ), its circumnuclear disc (CND) and on the reflection nebulae (Sgr B and C
complexes).

— 35 keV [11, 12] regimes, if the primary source of emission is Sgr A*. Using more advanced
simulations, a 4 — 8 keV polarization map of the 100 x 30 pc around Sgr A* has been produced
(see Fig. 1 and [13]). The resulting polarization of the eleven most observed/constrained reflec-
tion nebulae (Sgr B1, Sgr B2, G0.11-0.11, Bridge E, Bridge D, Bridge B2, MC2, MC1, Sgr C3,
Sgr C2, and Sgr C1) presents a variety of signatures, ranging from nearly unpolarized (The Bridge)
to highly polarized (~ 77% for the Sgr B complex) fluxes, with their polarization position angle
normal to the scattering plane. Despite strong dilution due to a diffuse plasma emission! angularly
superimposed to the X-ray emission of the reflection nebulae, the Sgr B and Sgr C complexes, and
the GO.11-0.11 cloud, have proven to be in the detectability range of a modern X-ray polarimeter.
The X-ray Imaging Polarimetry Explorer (XIPE [23]), a mission concept selected as a candidate
for the ESA’s next medium-class science mission, is a prototypical satellite that could detect the
polarization of these reflection nebulae. With a 3 Ms long observation of the Sgr B and C com-
plexes, both the degree of polarization (related to the three-dimensional position of the cloud) and
the polarization position angles (pinpointing the angular position of the illuminating source) would
be detectable [13].

3. A multi-wavelength complementarity

Thanks to X-ray polarimetry, the spatial location of the reflection nebulae with respect to the
primary source can be deduced. Additionally, measuring the polarization position angle would un-

I This two-temperature plasma is probably due to a multitude of faint sources (accreting white dwarfs and coronally
active stars [19]).
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ambiguously point towards the primary source (see Fig. 1), giving proof or rejecting the hypothesis
that the GC was active in the past (with an activity similar to a low-luminosity AGN).

Traces of this past activity are difficult to assess at other wavebands. One of the most promising
hints is a continuous chain of irregular clumps around the Galactic core that has been revealed
by the far-infrared cameras on-board of Herschel [14]. This elliptical twisted ring of molecular
material is part of the CMZ, and extends up to ~ 100 pc in longitude and ~ 25 pc in latitude. The
coherence of the ring’s morphology indicates stability over time and it is reminiscent of the dusty
tori surrounding the central regions of AGN. A LMT/AZTEC 1.1 mm survey of the CMZ (D. Wang,
private communication) confirms the existence of this peculiar structure. Completely optically thin
to dust emission, the conjugation of this radio map with maps at shorter wavelengths will allow
to put strong dust-based constraints on the mass of dense clouds. Together with multi-band near-
infrared images, it might be possible to determine the line-of-sight locations of the clouds based
on extinction measurements. Until then, the geometrical size of the CMZ, its column density in
excess of 10%* cm~2, and its orbital speed (~100 km s~ 1), are all compatible with AGN tori [22].

As an illustration of the power of X-ray polarimetry in combination with other wavelengths,
results from 8 — 35 keV polarimetric simulations of the GC [11], including the Sgr B and C com-
plexes, the CND, and the co-shaped CMZ, have been superimposed on the temperature map from
[14] in Fig. 2. The CMZ polarization follows the morphology of the twisted structure, with partial
disappearance of the polarization vectors due to low polarization degrees induced by unfavorable
scattering geometries and dilution from the unpolarized primary flux. Maximum polarization is
expected at the Eastern and Western quadratures, where the CMZ mixes with the giant molecular
clouds.
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