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The continuum emission from the hot and ionized inner regions of accretion disks
around supermassive black holes (SMBHs), which is strongly lensed by the light ring
(i.e., the unstable photon orbit), is always superimposed on that from the locally emitting
plasma near the innermost stable circular orbit, masking strong-gravity effects and making
their study difficult. Cleaner images of (strong-lensing)-generated brightness distributions
set against a nonluminous background would thus be preferable. An SMBH illumination
source that allows for this could be the more distant, cooler, neutral gas reservoir, underly-
ing the so-called broad line region. Such a far-field illumination is ideal for producing
the aforementioned images, and thus better suited for strong-gravity tests. In such an
illumination scenario, however, two prominent first-order effects stand out, whichwill be
the focus of this Letter: an hourglasslike brightness distribution around the SMBH and an
associated double-peaked inner feature imprinted on the disk’s global double-horned line
profile, for lines of sight near the accretion disk plane. The latter effect can be discerned
even in unresolved sources where only the total line profile is accessible. Interferometers
operating in spectral line mode can reveal this hourglass image and the inner double peak
spectral feature it imprints on the global line profile, and yield SMBH mass estimates for
edge-on systems.

DOI: 10.1103/7h39-dk84

Context. The first images of the shadows of supermassive black holes (SMBHs) [1-13] were
produced using very long baseline interferometry imaging by the Event Horizon Telescope col-
laboration (EHT) and opened a new avenue of exploration on black hole (BH) physics. The EHT
images of the shadows of the BHs M87* and Sgr A* [1,7] encode information for the structure
of the spacetime near the light ring, i.e., the vicinity of the unstable photon orbit, but also of the
astrophysical environment, i.e., the accretion region near the innermost stable circular orbit ISCO)
[14-25]. The future of these methods is promising, but they nevertheless contain some fundamental
limitations.
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The shadow of an SMBH against the continuum emission of the hot inner accretion disk, which
could be used for strong-gravity tests, incorporates the interplay between the complex accretion
processes taking place in those regions and the complicated strong-gravity scattering of the radiation
emitted by the disk toward the BH’s unstable photon orbit. Moreover, the disk continuum emission
from the immediate vicinity of the SMBH, emanating from matter distributed all the way down
to the ISCO, will have some unwanted characteristics. Since the ISCO is close to the light ring
and defines a region where brightness drops relatively abruptly, direct emission from that region
will inevitably contaminate the radiation emanating from the strong-lensing region, burdening the
extraction of information on strong-gravity physics with the complications of accretion disk physics
[15,18,23,26-28]. For example, tests of strong gravity that rely on the precise determination of the
size and shape of the BH shadow will suffer from the brightness of the accretion disk near the ISCO
[14,17,18,29-32].

Therefore, for precision strong-gravity tests using the shadows of BHs and their light rings
[33,34], one must circumvent these difficulties. A novel idea is to use a BH-illuminating source
that lies farther away from the strong-lensing areas and emits spectral line, rather than continuum
emission, and without such line emission emanating from the hotter inner disk regions [34,35].
This avoids any “contamination” of strong lensing general relativity (GR) physics by accretion
disk physics, which plagues the SMBH illumination by the continuum of the hot inner accretion
disk. An optimal source for this can be the so-called broad line region (BLR) in active galactic
nuclei, and more precisely its underlying cooler and mostly neutral phase [35], hereafter designated
as BLR? (as opposed to its ionized outer layers designated as BLR™). With its unique spectral
lines at IR wavelengths, and disklike gas distribution [36], the BLR? can provide the photons
to the light ring from r = (10>-10*)R, (R, = 2GM /cz) away from the SMBH, without any such
spectral line emission expected from anywhere nearer and toward the ISCO itself (<3R,). This
unique far-field spectral line illumination of the SMBH keeps the background near the light ring
“emission-free.” Imaging the SMBH vicinity can then yield a “cleaner” view of strong GR lensing
effects. Furthermore, the dynamical timescales of the accretion disk scale with the mass of the
SMBH and the distance from it. Thus, having emitting disk regions located further away from the
SMBH naturally yields a less variable radiation background. The list of characteristics that position
the BLR? as a potent SMBH spectral line illuminator and the astrochemistry responsible for its
unique thermal state and its spectral lines at IR and near-IR wavelengths are the subject of dedicated
papers [35,36], while an expanded discussion on the strong-gravity tests that can be conducted is
laid out in Ref. [37]. In this work, we focus our attention on two prominent effects unrelated to the
light ring and related strong-gravity phenomena, which may be though the most accessible to future
IR interferometers, i.e., the weaker lensing effect of the SMBH to the image of the BLR? and its
spectrum.

Hlluminating a BH with the outer gas disk. We demonstrate our idea by considering the illu-
mination of a BH by a disk located at a radial distance between r = 500M and r = 1000M from
the central object (using geometric units for the mass). In cylindrical coordinates (@, ¢, z), the
disk extends between 500M < @ < 1000M and —15M < z < 15M, so as to have a radius-height
relation of H(w )/ < 10% [35]. We also assume a density profile for the emitting gas, which dou-
bles as our local rest-frame emissivity jo, that follow, jo(r, 0) = jo exp(—%) exp(—«|cosf]),
v =),

(rsin0)3/2+avM
which describes an almost Keplerian disk [a = J/M is the Kerr parameter and (r, 6) the spherical

coordinates]. These are typical choices in the literature for the density profile (with a simple power
law being the most common) and will suffice for our demonstration [38—41]. Furthermore, we
assume the disk emission to be spectral line emission at the rest-frame (of the fluid) frequency
vo. The line frequency is kept arbitrary and the results are expressed in terms of v/vy (with v
the observed frequency). The final assumption is that the disk is effectively optically thin, with a
turbulence-induced velocity dispersion of AVy,, = 150 km/s [35]. Thus, the line profile in the gas

with rgcae = 2000M, k = 10, and a velocity profile for the gas that follows v? = (
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FIG. 1. Integrated intensity images, redshift maps, and observed spectra of an optically thin disk located
between 500M < @ < 1000M and —15M < z < 15M. The first two rows correspond to Kerr BHs with
spins a = 0.998M for viewing angles 6, = 83° and 90° (top to bottom), while the last row corresponds to
a Schwarzschild BH at an angle of 90°.

rest frame is not a delta function (as frequently assumed in past studies) but a Gaussian centered at
Eo witho =5 x 107*E,.

In order to produce the expected line brightness image and emergent line profile, we integrate
the radiative transfer equations of the Lorentz invariant intensity Z, = I,/v?, given by [38—40]

dZ, _( Jo

-=y7'( 5 ), )
di vy
where y = v/vg, with “0” indicating quantities in the local rest frame of the emitting gas. We
assume zero absorption along the geodesic, which is realistic for the macroturbulent BLR velocity

fields [35]. We calculate along any geodesic the specific intensity in terms of the observed frequency
Vobs, dl, = dI,,vgbg = y’l(J—‘;)vgbﬂd)», which gives the contribution to the specific intensity from
. v/ Vobs

every step along each geodesic [39], provided by ray tracing [33,34]. Here, we use the specific
intensity in terms of photon energy Ir instead of I,. The specific flux is then given by integrating
the solid angle over which the source is viewed, d Fg = Ipd 2. For our configuration, the solid angle
on the observer’s screen is d2 = dbdo /Dz, where Dy is the distance from the observer to the BH
(flat-space distance), while b and « are the impact parameters on the observer’s screen with respect
to the BH (in units of the BH mass) [34].

For the BH, we use either Kerr BHs rotating at the Thorne limit [42] with @ = 0.998M and
M =1 (the mass is our length scale) or, for comparison, Schwarzschild BHs. The disk is on the
equatorial plane, whereas the observer is placed at various angles with respect to the axis of rotation
of the BH.

Disk, shadow, and spectra. In Fig. 1 (from left to right), we show the integrated (bolometric)
intensity image of the torus, the redshift map, a close-up of the strongly lensed image of the torus
coming from the central region of the BH (near the light ring), and the total observed line profile
produced by both the direct emission from the disk and the strongly lensed emission that the BH
redirects toward the observer. These are shown for viewing angles of 8y = 83° and 90° for the top
two rows. The last row shows a Schwarzschild BH at 90°.

L000161-3



KOSTAROS, PAPPAS, PAPADOPOULOS, AND THI

6o =90°

x10° 6o =90°

1.6

a/M
F(E)

0.95 0.98 1.02 1.05
b/M E/Eo

FIG. 2. Close-up of the Einstein hourglass feature and the spectrum of the edge-on Kerr BH accretion disk
of Fig. 1.

There are a few interesting things to note in these figures. In the intensity images, the lensing
effect that the BH produces on the image of the far side of the torus is clear. In fact, what we observe
is the formation of an hourglasslike feature, which we dub as Einstein hourglass [43], around the BH,
due to the emission from the far side of the disk that is deflected in an Einstein-ring-like pattern.
There are some interesting features to observe in the spectra as well, which are more evident at
edge-on orientations. The photons coming directly from the disk are affected by the kinematics
of the gas, depending on the projected orbital velocity along the line of sight, and therefore present
Doppler and beaming effects. This yields a spectrum that is broadened, like the one we see in the top
row of Fig. 1 that corresponds to 8y = 83°, where we observe the usual double-peak line profile [41].

For edge-on orientations, an additional feature shows up in the global spectrum: a middle double
peak due to the Einstein hourglass lensing. The two peaks are near the rest-frame frequency,
suffering only some minor gravitational redshift due to the BH gravitational potential at the location
of the disk and some Doppler effects (the cause of the split into two peaks) related to the formation
mechanism of the Einstein hourglass. This line brightness feature and its spectrum are shown
in more detail in Fig. 2. Their prominence depends on the inclination and becomes more so
for edge-on orientations, as expected from the lensing geometry. This unique spectrum feature
appearing in the total line profile could provide a smoking-gun signal of lensing by the SMBH in
galactic centers and of the existence of an underlying Einstein hourglass, even if the latter remains
unresolved by the particular observations.

Einstein hourglass and its spectral counterpart. We will now give a brief analytical demonstration
of how the Einstein hourglass feature yields the central feature seen in the global line profile.
We assume the central SMBH as a point mass (given the size of the disk, this is a reasonable
assumption). Then, when the disk is viewed in an edge-on configuration, the light rays emanating
from the emitting material directly behind the BH would form an Einstein ring (see Fig. 2). The
ring’s angular size, for an illumination source at distance Dg and a lens at distance D; from an
observer, and a geometry like the one given in Fig. 3, is given by the expression [44]

D;s 4GM
O = , 2
E = D.Ds & ()

where Djg is the source-lens distance (assumed to practically be in flat space). For our given
geometry, where Ds 2~ Dy > Dy, this would give

ap = D10 =2/DysGM/c?, 3)

where o is essentially the impact parameter of the photons and the radius of the Einstein ring on the
observer’s image plane. For a disk of radius S00M < @ < 1000M, it will be 45M < ap < 63M,
as seen in Fig. 2. In this configuration, apart from the formation of the band of Einstein rings, the
emission from behind the BH and along the line of sight is also magnified due to the lensing effects,
just as a point-mass lens magnifies a background star [44] (with the “star” now being the far side of
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FIG. 3. Cartoon of the geometry of the emission coming from behind the BH, which forms an Einstein ring.

the disk), forming in this manner the central peaks on the total line profile (Fig. 2) and the hourglass
effect [37].

To verify this picture, we calculated the spectrum from a block of emitting matter, using ray
tracing, with a square cross section that extends from @y, all the way to @y, located behind the BH.
The resulting spectra in Fig. 4 show the emergence of two peaks as we move to edge-on inclinations,
where the emission is magnified and also shifted from the actual emission frequency Ey. What is
causing the frequency split of the inner double peak? As Fig. 3 shows, the rays go through the
gas disk at some angle. Thus, two peaks, one redshifted and the other blueshifted, are obtained
because every ray intersecting the line of sight along the back side of the disk that contributes to the
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FIG. 4. Demonstration of the emergence of the central magnified double peak of the spectral line, by
isolating the emitting region behind the BH as shown in Fig. 3, for two BH spins.
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formation of the Einstein hourglass will move through the gas either in the same sense as it moves
around the BH (left ray in Fig. 3) or in the opposite sense (right ray in Fig. 3).

The rays following a polar orbit will be the only ones without any energy shift, but these are
only a small fraction of all the light rays, providing less flux in the middle between the two peaks.
One can estimate the relevant Doppler shifts, assuming a thin lens approximation, where the impact
parameter of a light ray coming from behind the BH is equal to the distance of the observer from
the BH times the angular size of the Einstein ring, which will be 6g Dy . Since in this approximation
the light rays are straight lines, the ray intersects the gas element of the disk (moving horizontally)
at the point of emission, at an angle that will result in a projected velocity along the ray equal to

0D GM |4AGM 2GM
u = ug =73 = ; “4)
DLS DLS c DLS CDLS

which will be either in the direction of the emission (for the rays on the left) or against the direction
of emission (for the rays on the right). The total Doppler shift between left and right rays will then
be

A 4GM
Av_

= &)

v ¢ 2Dpg’

which for radii between 500M < r < 1000M gives shifts between ﬁ < % < 54%. This can be
seen in Fig. 2 (and Fig. 4) where the Doppler shift from the emission coming from the far side of the
accretion disk (at Dyg = rqy) corresponds to the energy shift between the two central peaks, while
the Doppler shift from the emission coming from the near side of the accretion disk (at D = riy)
corresponds to the total width of the central magnified part of the line. This line splitting, due to
the presence of the lens, is essentially measuring the velocity of the source perpendicular to the line
of sight. The resulting spectra have little dependence on the BH spin, and primarily depend on the
inclination, which determines the eventual lensing magnification (see Fig. 4).

Conclusions. In this work, we considered spectral line radiation from a BLR? gas disk illuminat-
ing the strong-gravity region of a BH, following Refs. [34-36]. Such an illumination source yields
several advantages in probing strong-gravity effects near a BH, detailed in full in Ref. [37]. Here,
we examined the two most prominent ones, and more readily accessible to future IR line imaging
observations. We conclude by showing that a combination of these two effects can yield SMBH
mass estimates.

If the hourglass feature size ag (corresponding to the size of the Einstein ring) is measured [Eq.
(3)] (which will be easier to do than the ~10 times smaller light ring), and from spectroscopic
measurements the Av/v of the double central peak is obtained [Eq. (5)], they can be combined to

yield the BH mass M from
GM [} Av\'?
=\ ) ©

(and the Dy distance of the emitting disk). This can be a novel way of measuring SMBH masses,
and a beautiful, new demonstration of lensing in galactic centers. The strong-gravity effects associ-
ated with the much smaller light ring that can be probed using such a far-field illuminator, and their
observability will be presented in following work [35,37]. Finally, we note that at the operating
frequencies of the EHT (~230 and 350 GHz in its upgrade), the corresponding BLR® thermally
excited spectral lines will be undetectable [35], and thus EHT high-resolution imaging will likely
miss these effects.
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some of these ideas were developed, along with the bartenders of a certain bar called Schumman’s
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Data availability. The data that support the findings of this study were generated by numerical
simulations. The ray-tracing and radiative transfer code used to produce the images and the spectra
is publicly available [45].
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