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Abstract. Very long baseline interferometry observations at millimeter wavelengths have de-
tected source structure in Sgr A* on event horizon scales. Near-infrared interferometry will
achieve similar resolution in the next few years. These experiments provide an unprecedented
opportunity to explore strong gravity around black holes, but interpreting the data requires
physical modeling. I discuss the calculation of images, spectra, and light curves from relativistic
MHD simulations of black hole accretion. The models provide an excellent description of current
observations, and predict that we may be on the verge of detecting a black hole shadow, which
would constitute the first direct evidence for the existence of black holes.
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1. Introduction
The Galactic center black hole, Sagittarius A* (Sgr A*), is the largest in angular size

(along with M87), with an event horizon spanning tens of microarcseconds. Recently, 1.3
mm wavelength VLBI observations (the “Event Horizon Telescope” experiment, EHT),
have detected source structure in Sgr A* with a size of � 4 Schwarzschild radii (Doele-
man et al. 2008). Similar resolution will be achieved by near-infrared interferometry in
the next few years (the VLTI GRAVITY experiment, Eisenhauer et al. 2008). These
observations provide a remarkable opportunity to explore strong gravity around black
holes. The predicted “shadow” (Bardeen 1973; Falcke et al. 2000) may be detected by
future EHT observations. Time-resolved astrometry with VLTI GRAVITY data could
map out particle orbits near the event horizon (Hamaus et al. 2009).

Models are required to interpret data from both experiments. These include geomet-
ric (Gaussian and annulus surface brightness profiles) and semi-analytic accretion flow
models (Broderick et al. 2009, 2011). General relativistic MHD (GRMHD) simulations
of black hole accretion (e.g., Gammie et al. 2003; De Villiers & Hawley 2003) provide
a complementary description of the innermost part of the accretion flow. Simulations
neglect the photons that astronomers observe, but at the low luminosity of Sgr A* they
can accurately (Dibi et al. 2012; Drappeau et al. 2013) be added after the fact by per-
forming radiative transfer on the simulation data. Recently, many authors have used
these models to study Sgr A* and M87 (e.g., Noble et al. 2007; Mościbrodzka et al. 2009;
Shcherbakov et al. 2012). Here I briefly review the ray tracing radiative transfer method
I have used to calculate event horizon scale emission models of Sgr A*, and the results of
comparing these models to observations. I then highlight some important open questions
and possible ways to answer them with future EHT and GRAVITY data.
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Figure 1. False color accretion disk images and polarization maps from solving the polar-
ized, time-dependent general relativistic radiative transfer equations with input fluid data from
state of the art GRMHD simulations (Dexter & McKinney 2013, in prep.). Depending on the
strength of Faraday rotation and conversion effects, the emission can be de-polarized on small
scales (left) or remain coherent (right). EHT polarization will therefore be a sensitive probe
of the plasma conditions. The left/right image asymmetries are caused by Doppler beam-
ing of light from relativistic orbital motion, and the black hole shadow is clearly visible in
the center of both images. These relativistic effects lead to a characteristic crescent shape.
[A color version is available online.]

2. Methods
The appearance of gas in the immediate vicinity of a black hole is shaped by relativistic

effects (see Figure 1), which can be captured using numerical ray tracing radiative transfer
calculations (for details see Dexter et al. 2010). Rays are traced from each pixel of a
distant observer’s camera to the black hole using our analytic code geokerr (Dexter &
Agol 2009) for photon trajectories around spinning black holes. The radiative transfer
equation is solved along each ray using synchrotron emission and absorption coefficients
calculated from simulation data. The basis vectors describing the polarization are parallel
transported along each ray analytically using the Penrose-Walker constant (Dexter 2011)
and the angles between these vectors and the magnetic field are found by transforming
to the orthonormal comoving frame (Shcherbakov & Huang 2011). This approach is
impractical for including Compton scattering, but is convenient for calculating images
that are relevant to the interpretation of EHT and GRAVITY data.

The results discussed below are based on simulations described in Fragile et al. (2007);
Fragile (2009) and McKinney & Blandford (2009); McKinney et al. (2012). Images are
calculated over a large grid of parameters (viewing geometry, accretion rate, ion-electron
temperature ratio), blurred to account for the effects of interstellar scattering towards
Sgr A* (Bower et al. 2006), and fit to mm-VLBI (Doeleman et al. 2008; Fish et al. 2011)
and spectral (Marrone et al. 2006) data.

3. Summary of results
Event horizon scale emission models of Sgr A* calculated from GRMHD simulations

provide an excellent description of current sub-mm spectral and VLBI data (Dexter et al.
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2009, 2010). For a given model, it is possible to constrain the parameters of both the
black hole and the accretion flow (Dexter et al. 2010), and this provides a new method
for estimating e.g., the accretion rate onto Sgr A*. The best fitting images tend to have
a “crescent” morphology (Bromley et al. 2001, see Figure 1), a combination of strong
Doppler beaming and gravitational light bending. The images can even be crescent-
shaped for the complicated emission regions of accretion disks whose angular momentum
is misaligned from the black hole spin axis (Dexter & Fragile 2013). If the particles in the
jet are close to the black hole, light from behind the black hole can be strongly lensed
towards the observer (Dexter et al. 2012), forming a crescent image. Crescent images
of disks and jets successfully predicted the results of mm-VLBI observations of M87
(Doeleman et al. 2012). These models predict that the black hole shadows in both Sgr A*
and M87 may be accessible with additional radio telescopes joining EHT observations
in the next few years. We have developed a geometric description of crescent black hole
images (Bin Kamruddin & Dexter 2013) and shown that it statistically outperforms other
shapes (see also Broderick et al. 2011). We are now simulating future EHT observations
using this model to determine when it can distinguish between physical models and detect
the shadow and surrounding “photon ring” (Ricarte & Dexter, in prep.), whose shape
could be used to test the no-hair theorem (Johannsen & Psaltis 2010).

The simulations are time-dependent, and so light curves can be calculated self-
consistently. Magnetic turbulence driven by the MRI qualitatively produces the observed
sub-mm variability (Dexter et al. 2009, 2010). Misaligned accretion flows can form strong
standing shocks (Fragile & Blaes 2008; Generozov et al. 2013), heating electrons and pro-
ducing highly variable (“flaring”) near-infrared emission in agreement with observations
(Dexter & Fragile 2013). These models lead to centroid motions that should be detectable
with GRAVITY, but which are more complicated than circular orbits.

4. Discussion
Event horizon scale emission models of Sgr A* calculated from GRMHD simulations

of black hole accretion flows do an excellent job explaining mm-VLBI and spectral ob-
servations. However, significant uncertainties remain. Most work has assumed a thermal
distribution of electrons with a fixed ion-electron temperature ratio. Alternative pre-
scriptions can lead to much different images (Moscibrodzka & Falcke 2013) and should
be explored in the future. Numerical particle-in-cell MRI simulations (Riquelme et al.
2012) can in principle be used to calculate an equilibrium electron energy distribution.

The underlying dynamics are also uncertain. Most GRMHD simulations assume align-
ment between the accreting gas and black hole, and dynamically insignificant magnetic
fields. It is unclear whether either of these is a good assumption for systems like Sgr A*
and M87 (Dexter & Fragile 2013; McKinney et al. 2012, 2013). Further, the properties
of the large-scale accretion flow (e.g., the circularization radius and field strength), not
captured in these simulations, are uncertain. Some aspects of the current models appear
to be relatively robust to these uncertainties (e.g., crescent images) but others may not
be (e.g., estimates of black hole spin).

The quality and quantity of EHT and GRAVITY data will be increasing rapidly in
the next several years, but will still need to be interpreted in terms of models. Doing
transformative science will require connecting accretion and jet physics and signatures
of strong gravity to the non-imaging interferometric (closure phase and polarized visibil-
ities, e.g., see Figure 1) and astrometric observables. These observables have been cal-
culated from orbiting hotspot models (Hamaus et al. 2009; Doeleman et al. 2009; Fish
et al. 2009), but should be explored using numerical simulations where the dynamics is
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treated self-consistently. It will also be important to leverage all existing observational
constraints, e.g. on the polarization, time variability (Dexter et al. 2013), and X-ray lu-
minosity (Neilsen et al. 2013; Wang et al. 2013). The calculations reviewed here provide
a foundation for this future work.
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Generozov, A., Blaes, O., Fragile, P. C., & Henisey, K. B. 2013, ArXiv e-prints, 2014, ApJ 780,

81
Hamaus, N., Paumard, T., Müller, T., et al. 2009, ApJ 692, 902
Johannsen, T., & Psaltis, D. 2010, ApJ 718, 446
Marrone, D. P., Moran, J. M., Zhao, J.-H., & Rao, R. 2006, J. Phys. Conference Series, 54, 354
McKinney, J. C., & Blandford, R. D. 2009, MNRAS 394, L126
McKinney, J. C., Tchekhovskoy, A., & Blandford, R. D. 2012, MNRAS 423, 3083
—. 2013, Science, 339, 49
Moscibrodzka, M., & Falcke, H. 2013, ArXiv e-prints, 2013, A&A 559L, 3

https://doi.org/10.1017/S1743921314000775 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921314000775


302 J. Dexter
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