Introduction: GR Monte Carlo :

® ® ®
The radio source Sagittarius A* (Sgr A*) that lies at the center of our galaxy S elf- CO nS]_S tent MO dels O f S agl tt arlus A* In order to investigate X-ray emission, the ray-tracing method must be

is believed to be a hot, inhomogeneous, magnetized plasma lowing near the abandoned for a Monte Carlo scheme that can properly calculate inverse
event horizon of a 4x106 Msun black hole. At a distance of 8 kpc the black Compton scattering, which is responsible for up-scattering synchrotron

hole is the largest black hole as judged by angular size. However, its Scott C. Noble(” Charles E Gammie(2»3) Po Kin Leung(z) light to higher energies. Photon packets are emitted with particular angle
remarkably small bolometric luminosity of Sy ’ i and frequency dictated by the thermal synchrotron emissivity function [12].

The packets are propagated until its optical depth has reached ~10 or it
reaches a specified collecting radius far from the disk.
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provides a challenge for theoretical models. If one assumes that the
accretion rate
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at r=0.1 pc based on a Bondi model and X-ray observations [1,2], holds for i = 5o black hole using the
all r and that accretion flow is a thin disk near the black hole, then the MC code.
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In the ray-tracing calculations we consider non-polarized, optically thin

observed luminosity is approximatel .. N g s SN -
y154pp 0.1 y 0.1 emission from a thermal distribution of electrons. Scattering is expected to be L E 10% £
[ ~ 10—5 ( : ) I - 10—6< : ) 2 M insignificant at frequencies from 1GHz-10THz, so we neglect it. We include both 3
thin n X —rays synchrotron and bremsstrahlung rad1at.1on., confirming that the fprmer | i e Epectra includinole o 10% |
dominates. Even though much of the disk is calculated to be optically thin for scattering calculated from a time slice of the -
This suggests that either the accretion rate varies with radius, the radiative frequencies of interest here, there are small regions where absorption is ?=0-%40mn- dBtIﬁCk line > the StEDt ffJOH?Cte% | e L )
efficiency is very small, the thin disk model is irrelevant, or any combination important. For this reason, our calculations include absorption and the radiative e = V1 ANATIE CYyal INEIS THat foT L, =L = 5
th f. The observed spectral energy distribution (SED) disagrees with that t f tion is solved. R lculated al desics in Kerr backward Sl ae overlalc, with dowlline T, Wk 1
€reol. . . p gy : g .rar.lS er equa 101’}' 1S SOolve : - aYS dare Ca C}l ale .a Ong geO. €SI1CS 11N KeIT packwar arrows indicating upper limits. Note that the 103t Lol ol ool ool ool ol ool ool ol il ol
expected from a thin disk. Recent mm and sub-mm polarimetry in time from the "camera" through the simulation domain. The transfer spectrum ati_=90° agrees with all portions of 108 109 100 101 1012 1013 101 1015 1016 1017 1018 1019
observations folded through a model of the accretion flow require equations are solved starting at the "end" of the geodesics and integrated back to the spectrum, including the quiescent X-ray v{He]
. o 1 the camera. emission.
~ P - - u d N y Figure 9: Average change in azimuth from
M 10 10 Msun yr dx — N* d}\“ =TI unNVNn i ( / V_3> — V_2 (] — K, IV) emission to observation for a=0.94. Black curve
d A d A v ¢ corresponds to i =90°, and the cyan curve to
. i : 1. =0°. The horizontal black line indicates
: : T . . : N L. ) Figure 8: Distribution of the average radius of 19
near Fhe hole [3,4]. All this suggests that the accretion rate diminishes Here, X" is the geodesic path, N* is the ray's 4-velocity, j is the emissivity, o is the emission for a=0.94. Black curve corresponds to emission from an isotropic distribution of plasma
dI'aSUCaHY as 10 . . . . : o il : i =90°, and the cyan curve to i =0°. Note the surrounding the black hole. At high frequences
- absorption coefficient, I is the specific intensity. non-trival function of frequency and the fact andi i L e ot of (e
Further, recent VLBI measurements indicate that the SED peaks near : : : = B I ot hear the horizon emission to orbit the hole at least once.
Imm at which point emission is optically thin to within ~20 rg [5]. Hence, Since OILe VhIERS flacknllg ferI_n th}el hteralturde, WAiE (éevelopedha LNOIRE eff1.(:1e:n.t and 100 crmmeemr-s e e ' A e B B
the properties of matter near the black hole must be well understood to accur?lte S(EIENE 0 ElELE T U angf o AL efnt Syél? HOUEDN e(inllss;ilty L ] | 8 |- ; ! J_: <|~> ! g| !
make useful predictions of future mm/sub-mm VLBI observations that et ltOe fvas(‘; raqiges In temperature and irequency found in our models. Flease - : ;8 g’ § g 5 B Py 358 Z[
hope to resolve the event horizon scale. Our aim is to create self-consistent 2 [0 ionr dleta lis. o ; } - N i
models of the optically thin emission from dynamical general relativistic g - : :
magnetohydrodynamic (GRMHD) numerical simulations of the accretion N 00 '
fl 5 y y ( ) Figure 3: Spectra from the ray-tracing code. Left: single time slices from runs with different black hole o op 5 E % Al 1
Dt spin were imaged ati_=30°. Center: a single slice from the a=0.94 run were imaged at differenti_. g 0 ] Vot ]
Right: different time slices from the a=0.94 run were imaged ati_=30°. For these values, we find that ? I | [ rrrrf ]
our model can exhibit significant variability, especially at higher frequencies. Also, we see that our 1 R ”
o o model is sensitive to the spacetime and the orientation of the disk w.r.t. the observer. - . I |
GRMHD SlIIllllathIlS: Figure 2: Ray-traced images taken at Imm — J l
from a time slice of the a=0.94 run. tpo L 0 —
: : - : : Convolved images were made assuming a O O O T O e Al
Since the matter surrounding the black hole is optically thin down to the & Gssian beamgto e ot fhture VLBIg R 10° 107 10T 10 10 105 10 10 107 10710
horizon the innermost regions of the accretion is expected to dominate the observations made with a 8000km baseline.
Note the strong effects from relativistic

emission. Assuming Te =T andideal MHD, we may presume to use the
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steady-state flows calculated from ideal GRMHD disk simulations such as
those given in [6,7]. We use the GRMHD code called HARM, which is now
publicly available from http://rainman.astro.uiuc.edu/codelib/ [8,9].
Evolutions are axisymmetric, use 256x256 cells, and involve black hole spins
a=0,0.5,0.75,0.88, 0.94, 0.97. The initial conditions consist of a torus in
equilibrium threaded by a poloidal magnetic field that follows density
contours. The magnetic rotational instability (MRI) gives rise to a quasi-
steady accreting disk. Since optically thin emission is of primary interest and
cooling times are long compared to dynamical times, our omission of
radiation forces from the simulation is justified.

beaming. Atlarge inclinations, the hole's Summar y:

silhouette would not be apparent with VLBI
due to this strong beaming.

7 _ « Relativistic effects are important.

« Spectra are sensitive to inclination and black hole spin.

¢ Average emission radii have non-trivial frequency-dependence.

« Emission sensitive to disk inhomogeneities and evolution.

« Silhouette observable fori < 30° at Imm w/ 8000km VLBI baseline.
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Future work:

«Include polarization to measure Faraday rotation.
«Perform timing analysis (image shape, spectra, polarization...)

. . m— — «Use 3D simulation data.
A _ﬂ-f[gc,jy _ <ﬂ--f[> <E> / <ﬂ--f[> <L>/<ﬂ[> Image Reﬁnemento
(J[ ) (10_9 M OYr 'I') = ® ° .
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Log of rest- ; N : :
CE we need not put stringent limits on this quantity. Our

density procedure consequently only performs refinement in the

from brightest regions.
a=0.94 run.
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Figure 5: Left: a representation of the levels of refinement (e.g. black = 1,
dark blue=2,..., dark red = 6) used in the image shown above-left.




