
Lía Corrales 
University of Michigan

in collaboration with 
F. Baganoff (MIT), Q. D. Wang (UMass Amherst), M. Nowak (MIT), J. Neilsen (Villanova),  

S. Markoff (Amsterdam), D. Haggard (McGill), J. Davis (SAO), J. Houck (SAO), 
and the Chandra GC XVP team

The low-luminosity accretion 
flow of Sgr A* as seen by 

Chandra HETG



L. Corrales, 20 Years of Chandra, Dec 6 2019Image Credit: NASA/CXC/MIT/F.K.Baganoff 



L. Corrales, Galactic Center Workshop, Oct  22 2019Image Credit: NASA/CXC/MIT/F.K.Baganoff 

central 
parsec

25’’

NASA/CXC/Amherst College/D.Haggard et al

Sgr A* accretion

LX = 2.4 x 1033 erg/s

implies ~ 10-10 Eddington

~ 105 x dimmer than 
standard accretion models 

for this environment
Baganoff+ 2003, Yang+ 2003, Wang+ 2013



L. Corrales, 20 Years of Chandra, Dec 6 2019Image Credit: NASA/CXC/MIT/F.K.Baganoff 

central 
parsec

25’’

NASA/CXC/Amherst College/D.Haggard et al

above should thus be considered an upper limit to the true
probability. We will address these problems in our
subsequent paper on the point sources.

5.2. Morphology

The emission at the position of Sgr A* appears to be more
extended than that of the point sources CXOGC
J174538.0!290022 and CXOGC J174540.9!290014 (see
Fig. 5). To test this, we computed a background-subtracted
radial profile of the surface brightness about each source.
The source profiles were extracted in 1 pixel wide annuli out
to a radius of 7 pixels. The mean background for each of the
point sources was estimated from an annulus with inner and
outer radii of 7 and 15 pixels, respectively. The outer radius
of the background annulus for Sgr A* was 20 pixels; counts
from several X-ray point sources within this region were
excluded (see x 6).

The radial profiles are shown in Figure 6. The two com-
parison sources are both heavily absorbed, indicating that
they probably lie near the Galactic center. CXOGC
J174538.0!290022 is softer than Sgr A*, while CXOGC
J174540.9!290014 is harder, so they bracket the energy
dependence of the on-axis PSF. Their profiles have been
normalized to match the central peak of the Sgr A* profile.

We fitted a Gaussian model to each profile, but the fits
to Sgr A* and CXOGC J174538.0!290022 were rejected
with 99.996% and 99.968% confidence, respectively. We

then added a constant term to each model to allow for an
excess in the local background. This yielded acceptable fits
to the point sources and a marginally acceptable fit to Sgr
A*, for which the probability of exceeding !2 ¼ 12:3 with 4
degrees of freedom was 1.5%. The best-fit parameters are
presented in Table 2. The curves in Figure 6 show the best-
fit models with those of the point sources normalized to the
Sgr A* profile. The point-source profiles overlap each other
extremely well, while the profile at Sgr A* is nearly twice as
broad at greater than 11 " significance. Additionally, the fit
to Sgr A* indicates the presence of an excess local back-
ground with amean surface brightness of 0:66# 0:16 counts
pixel!2. For comparison, the mean level within the back-
ground annulus for Sgr A* was 1:19# 0:03 counts pixel!2.

A detailed spatial analysis is beyond the scope of this
paper. Here we present a rough estimate of the intrinsic
width of the emission at Sgr A* by subtracting in quadra-
ture the mean standard deviation of the point-source pro-
files from that of the profile at Sgr A*. This yields an
estimate of 1:23# 0:14 pixels or 0>61# 0>07 for the intrin-
sic size of the source. Recall that 100 corresponds to a pro-
jected distance of$0.04 pc at the Galactic center or$105RS
for a 2:6% 106 M& black hole.

The origin of the extended X-ray component at Sgr A* is
unclear. The scale of the structure is consistent with the
expected Bondi accretion radius (100–200; Bondi 1952) for
matter accreting hydrodynamically onto the SMBH either
from the stellar winds of the nearby cluster of He i/H i emis-
sion-line stars (x 9.1.2) or from the hot diffuse plasma that
we observe surrounding Sgr A* (x 9.3). In some models for
Sgr A*, the gas in the accretion flow is thought to be virial-
ized at this distance to a temperature of '107 K, which is
sufficient to emit X-rays in the Chandra passband (x 9.1.1).
One possibility, therefore, is that we have detected X-ray
emission from gas at the Bondi radius of a hot accretion
flow onto Sgr A*. A second possibility is that the extended
emission comes from a cusp of stars or stellar remnants. For
instance, a neutron-star cluster model has been proposed by
Pessah & Melia (2003) to explain the extended emission
reported here. The existence of a stellar cusp—as opposed
to an isothermal distribution with a flat core—in the central
parsec of the Galaxy has been the topic of an ongoing
debate (see Alexander 1999 and references therein). A third

Fig. 6.—Radial profiles of the 0.5–7 keV emission at the positions of Sgr
A* and two point sources. The point-source profiles have been normalized
to match the central peak of the Sgr A* profile (see x 5.2).

TABLE 2

Gaussian+Constant Fits to Radial Profiles

Source Best-Fit Value

Sgr A*:
Standard deviation (pixels).................... 1.45 (1.34–1.56)
Normalization (counts pixel!2) ............. 20.05 (17.56–22.72)
Constant (counts pixel!2) ...................... 0.66 (0.50–0.82)
!2/dof ................................................... 12.3/4

J174538.0!290022:
standard deviation (pixels) .................... 0.76 (0.73–0.80)
Normalization (counts pixel!2) ............. 62.64 (56.60–68.75)
Constant (counts pixel!2) ...................... 0.21 (0.16–0.27)
!2/dof ................................................... 8.0/4

J174540.9!290014:
standard deviation (pixels) .................... 0.75 (0.70–0.80)
Normalization (counts pixel!2) ............. 24.33 (20.72–28.05)
Constant (counts pixel!2) ...................... 0.06 (0.00–0.13)
!2/dof ................................................... 1.6/4
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Bondi, ADAF with no outflow
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Ṁ /
✓

r

r0

◆s

<latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit>

⇢ /
✓

r

r0

◆�3/2+s

<latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit>

T /
✓

r

r0

◆�q

<latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit>

 energy transport through  
 advection >> radiation

Advection Dominated 
Accretion Flow

Narayan & Yi 1994, 1995



L. Corrales, 20 Years of Chandra, Dec 6 2019

Radiatively Inefficient Accretion Flows

Bondi, ADAF with no outflow

s = 0
<latexit sha1_base64="fwleHH6Ea+XupOKPDYV2Ork9+FI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O72Z++wmV5ol8NJMUg5gOJY84o8ZKviY3xO1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ae1mNzA==</latexit><latexit sha1_base64="fwleHH6Ea+XupOKPDYV2Ork9+FI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O72Z++wmV5ol8NJMUg5gOJY84o8ZKviY3xO1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ae1mNzA==</latexit><latexit sha1_base64="fwleHH6Ea+XupOKPDYV2Ork9+FI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O72Z++wmV5ol8NJMUg5gOJY84o8ZKviY3xO1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ae1mNzA==</latexit><latexit sha1_base64="fwleHH6Ea+XupOKPDYV2Ork9+FI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O72Z++wmV5ol8NJMUg5gOJY84o8ZKviY3xO1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1bos4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ae1mNzA==</latexit>

Ṁ0 ⇠ 10�5M� yr�1
<latexit sha1_base64="o8CydkcWLWtKxZSrGb6QrIMUU34="></latexit><latexit sha1_base64="o8CydkcWLWtKxZSrGb6QrIMUU34="></latexit><latexit sha1_base64="o8CydkcWLWtKxZSrGb6QrIMUU34="></latexit><latexit sha1_base64="o8CydkcWLWtKxZSrGb6QrIMUU34="></latexit>

 Radio measurements show  
  ~10% polarization at 100 GHz
 No polarization (<2%) at 
  lower frequencies

MBH . 10�8M� yr�1

<latexit sha1_base64="qOk0v5T3WKsdanKOrPGrO4TtwT4="></latexit><latexit sha1_base64="qOk0v5T3WKsdanKOrPGrO4TtwT4="></latexit><latexit sha1_base64="qOk0v5T3WKsdanKOrPGrO4TtwT4="></latexit><latexit sha1_base64="qOk0v5T3WKsdanKOrPGrO4TtwT4="></latexit>

Aitken 2000, Bower+ 1999abc, Bower+ 2003,  
Quataert & Gruznov 2000b,  Agol 2000, Özel+ 2000

Ṁ /
✓

r

r0

◆s

<latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit>

⇢ /
✓

r

r0

◆�3/2+s

<latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit>

T /
✓

r

r0

◆�q

<latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit>



L. Corrales, 20 Years of Chandra, Dec 6 2019

Radiatively Inefficient Accretion Flows

ADAF with outflow

s > 0
<latexit sha1_base64="7W52vw6R4CkCRsWP5dwcqGSNy3k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut1NaW9/Y3CpvV3Z29/YPqodHLZ1kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIfju5nffkKleSIfzSTFIKZDySPOqLGSr8kNcfvVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx98343N</latexit><latexit sha1_base64="7W52vw6R4CkCRsWP5dwcqGSNy3k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut1NaW9/Y3CpvV3Z29/YPqodHLZ1kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIfju5nffkKleSIfzSTFIKZDySPOqLGSr8kNcfvVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx98343N</latexit><latexit sha1_base64="7W52vw6R4CkCRsWP5dwcqGSNy3k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut1NaW9/Y3CpvV3Z29/YPqodHLZ1kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIfju5nffkKleSIfzSTFIKZDySPOqLGSr8kNcfvVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx98343N</latexit><latexit sha1_base64="7W52vw6R4CkCRsWP5dwcqGSNy3k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvXisYNpCG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut1NaW9/Y3CpvV3Z29/YPqodHLZ1kiqHPEpGoTkg1Ci7RN9wI7KQKaRwKbIfju5nffkKleSIfzSTFIKZDySPOqLGSr8kNcfvVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuN2yKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx98343N</latexit>

winds
(ADIOS,
RRIOS)

convection
(CDAF)

Ṁ /
✓

r

r0

◆s

<latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit><latexit sha1_base64="xM3s0stDK13qnLWR6ZAMCNF2EcM=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExIRdFl040aoYB/QxDCZTtqhkwczN0IJ+Qs3/oobF4q41Z1/47TNQlsPDBzOuZc75wSp4Aps+9tYWl5ZXVuvbFQ3t7Z3ds29/bZKMklZiyYikd2AKCZ4zFrAQbBuKhmJAsE6wehq4ncemFQ8ie9gnDIvIoOYh5wS0JJvWm4/gfymwG4qkxQS7AoWQh27oSQ0l0UufVubkg+GcHKvfLNmW/YUeJE4JamhEk3f/NIHaBaxGKggSvUcOwUvJxI4FayoupliKaEjMmA9TWMSMeXl01wFPtZKH4eJ1C8GPFV/b+QkUmocBXoyIjBU895E/M/rZRBeeDmP0wxYTGeHwkxgnX9SEu5zySiIsSaESq7/iumQ6EZAV1nVJTjzkRdJ+9RybMu5Pas1Lss6KugQHaE6ctA5aqBr1EQtRNEjekav6M14Ml6Md+NjNrpklDsH6A+Mzx8aqZ/d</latexit>

⇢ /
✓

r

r0

◆�3/2+s

<latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit><latexit sha1_base64="7UOiyCmn32C18hijnDcugrBhsZQ="></latexit>

T /
✓

r

r0

◆�q

<latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit><latexit sha1_base64="t78oMR6wz2gVwUskjjTghgiItRk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKmJJRNBl0Y3LCr1BE8NkOmmHTi7OnAgl5CHc+CpuXCji1oU738bpZaGtPwz8/OcczpzPTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD63G9/cCk4nHUgFHC3JD0Ix5wSkBHnnnSwE4i4wRi7AgWQAU7gSQ0k3kmPSvHjuT9ARzfZaf3uWeWrao1EV409syU0Ux1z/xyejFNQxYBFUSprm0l4GZEAqeC5SUnVSwhdEj6rKttREKm3GxyVI6PdNLDQSz1iwBP0t8TGQmVGoW+7gwJDNR8bRz+V+umEFy6GY+SFFhEp4uCVGCNYEwI97hkFMRIG0Il13/FdEA0FNAcSxqCPX/yommdVW2rat+el2tXMxxFdIAOUQXZ6ALV0A2qoyai6BE9o1f0ZjwZL8a78TFtLRizmX30R8bnDzuDnk4=</latexit>

Narayan & Yi 1995b, Blandford & Begelman 1999, 
Quataert & Gruzinov 2000a, Narayan+ 2012

s = 1
<latexit sha1_base64="aMTfJcUxxQSG3BnBmTg7kRCd+KI=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4WrJri+1BKHrxWMFtC+1SsmnahmazS5IVSulv8OJBEa/+IG/+G9MPQUUfDDzem2FmXpQKrg3GH87K6tr6xmZuK7+9s7u3Xzg4bOgkU5QFNBGJakVEM8ElCww3grVSxUgcCdaMRtczv3nPlOaJvDPjlIUxGUje55QYKwUaXSKvWyhit1rFpVIZYbeMfd+vWILP/UrVQ56L5yjCEvVu4b3TS2gWM2moIFq3PZyacEKU4VSwab6TaZYSOiID1rZUkpjpcDI/dopOrdJD/UTZkgbN1e8TExJrPY4j2xkTM9S/vZn4l9fOTL8STrhMM8MkXSzqZwKZBM0+Rz2uGDVibAmhittbER0SRaix+eRtCF+fov9Jw3c97Hq3pWLtahlHDo7hBM7AgwuowQ3UIQAKHB7gCZ4d6Tw6L87ronXFWc4cwQ84b5/mwo4W</latexit><latexit sha1_base64="aMTfJcUxxQSG3BnBmTg7kRCd+KI=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4WrJri+1BKHrxWMFtC+1SsmnahmazS5IVSulv8OJBEa/+IG/+G9MPQUUfDDzem2FmXpQKrg3GH87K6tr6xmZuK7+9s7u3Xzg4bOgkU5QFNBGJakVEM8ElCww3grVSxUgcCdaMRtczv3nPlOaJvDPjlIUxGUje55QYKwUaXSKvWyhit1rFpVIZYbeMfd+vWILP/UrVQ56L5yjCEvVu4b3TS2gWM2moIFq3PZyacEKU4VSwab6TaZYSOiID1rZUkpjpcDI/dopOrdJD/UTZkgbN1e8TExJrPY4j2xkTM9S/vZn4l9fOTL8STrhMM8MkXSzqZwKZBM0+Rz2uGDVibAmhittbER0SRaix+eRtCF+fov9Jw3c97Hq3pWLtahlHDo7hBM7AgwuowQ3UIQAKHB7gCZ4d6Tw6L87ronXFWc4cwQ84b5/mwo4W</latexit><latexit sha1_base64="aMTfJcUxxQSG3BnBmTg7kRCd+KI=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4WrJri+1BKHrxWMFtC+1SsmnahmazS5IVSulv8OJBEa/+IG/+G9MPQUUfDDzem2FmXpQKrg3GH87K6tr6xmZuK7+9s7u3Xzg4bOgkU5QFNBGJakVEM8ElCww3grVSxUgcCdaMRtczv3nPlOaJvDPjlIUxGUje55QYKwUaXSKvWyhit1rFpVIZYbeMfd+vWILP/UrVQ56L5yjCEvVu4b3TS2gWM2moIFq3PZyacEKU4VSwab6TaZYSOiID1rZUkpjpcDI/dopOrdJD/UTZkgbN1e8TExJrPY4j2xkTM9S/vZn4l9fOTL8STrhMM8MkXSzqZwKZBM0+Rz2uGDVibAmhittbER0SRaix+eRtCF+fov9Jw3c97Hq3pWLtahlHDo7hBM7AgwuowQ3UIQAKHB7gCZ4d6Tw6L87ronXFWc4cwQ84b5/mwo4W</latexit><latexit sha1_base64="aMTfJcUxxQSG3BnBmTg7kRCd+KI=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4WrJri+1BKHrxWMFtC+1SsmnahmazS5IVSulv8OJBEa/+IG/+G9MPQUUfDDzem2FmXpQKrg3GH87K6tr6xmZuK7+9s7u3Xzg4bOgkU5QFNBGJakVEM8ElCww3grVSxUgcCdaMRtczv3nPlOaJvDPjlIUxGUje55QYKwUaXSKvWyhit1rFpVIZYbeMfd+vWILP/UrVQ56L5yjCEvVu4b3TS2gWM2moIFq3PZyacEKU4VSwab6TaZYSOiID1rZUkpjpcDI/dopOrdJD/UTZkgbN1e8TExJrPY4j2xkTM9S/vZn4l9fOTL8STrhMM8MkXSzqZwKZBM0+Rz2uGDVibAmhittbER0SRaix+eRtCF+fov9Jw3c97Hq3pWLtahlHDo7hBM7AgwuowQ3UIQAKHB7gCZ4d6Tw6L87ronXFWc4cwQ84b5/mwo4W</latexit>

None of these fit the  
multi-wavelength SED  

while preserving  
ADAF assumption

ADAF model has an 
outflow solution



L. Corrales, Galactic Center Workshop, Oct  22 2019

Radiatively Inefficient Accretion Flows

Ṁ /
✓

r

r0

◆s
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Results of CCD resolution (~ 150 eV) data
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Wang+ 2013

CCD (charge-coupled device) Imaging Spectrometer-
Spectroscopy (ACIS-S ), combinedwith theHigh-
Energy Transmission Grating (HETG), was placed
at the aim point of the telescope. The on-axis
spatial resolution of Chandra is ∼0.4″ (full width
at half-maximum), whereas the spectral resolu-
tion of the 0th-order ACIS-S/HETG is about a
factor of∼2 better than that of the previousACIS-I
observations and thus enables critical spectro-
scopic diagnostics of the x-ray emission.

These observations reveal x-ray emission from
Sgr A* that appears substantially more extended
than a pointlike source [Fig. 1A; (26)]. After sub-
tracting a pointlike contribution, which accounts
for 20% of the total quiescent emission (26), an
east-west–elongated x-ray enhancement emerges
around Sgr A* on ∼1″ to 1.5″ scales (Fig. 1B).
This relatively symmetric enhancement morpho-
logically resembles the so-called clockwise stel-
lar disk, which is the most notable kinematically
organized structure known for the massive stars
around Sgr A* (27, 28). Irregular low–surface-
brightness features (e.g., spurs toward the north-
east and southeast; Fig. 1B) appear on scales
greater than the enhancement, but still roughly
within the Bondi radius. These features are softer
(more prominent in the 1- to 4-keV band than in
the 4- to 9-keV band) than the smoothly distrib-
uted background.

The quiescent x-ray emission is also spec-
trally distinct from the pointlike flare emission
(26), which is considerably harder. The accumu-
lated flare spectrum can be well characterized
by a power law with photon index 2.6(2.2, 3.0),
and foreground absorption with equivalent hy-
drogen column density NH = 16.6(14.1, 19.4) ×
1022 cm−2 [see (29) for the definition of the un-
certainties], consistent with the previous anal-
ysis of individual bright flares (30, 31). Because
of the simplicity of the flare spectrum, this NH

measurement can be considered a reliable es-
timate of the foreground x-ray–absorbing col-
umn density along the sightline toward Sgr A*
and hence a useful constraint in modeling the
more complex spectrum of the quiescent x-ray
emission.

By contrast, the quiescent spectrum shows
prominent emission lines (Fig. 2). In addition to
the previously known FeKa emission at∼6.7 keV,

Ka lines of several other species (He- and H-like
Ar, He-like S and Ca), as well as He-like Fe Kb,
are also apparent.We find that a single-temperature
(1-T) plasma with metal abundance set equal to
zero describes the overall (continuum) shape
of the observed spectrum well, and individual
Gaussians can be used to characterize the cen-
troid, flux, and EW of six most noticeable emis-
sion lines [Fig. 2A; (26)]. There is little sign of the
diagnostic Ka emission lines from fluorescent
neutral or weakly ionized Fe at ∼6.4 keVor H-like
Fe at 6.97 keV.

We can reject the stellar coronal hypothesis,
on the basis of our temporal, spatial, and spectral
results. First, our spectrum does not confirm the
presence of the 6.4-keV line, previously suggested
by (25). Measuring the 6.4-keV line, which is ad-
jacent to the strong highly ionized Fe Ka line, is
difficult when the spectral resolution is poor, as
was the case for the previous ACIS-I spectrum,
because the measurement then depends sensi-
tively on the assumed thermal plasmamodel. Our
measured upper limit to the EW of the 6.4-keV
line emission, 22 eV (26), is more than a factor of
2 below the range predicted before (25). Second,
the quiescent emission shows no appreciable var-
iation on time scales of hours or days, as expected
from the sporadic giant coronal flares of individ-
ual stars. Third, if the bulk of the quiescent emis-
sion is due to stellar coronal activity, then it should
also account for some of the detected x-ray flares,
especially the relatively long and weak ones (25).
However, no sign of any line emission, even the
strong Fe Ka line, is found in any flare spectra
[individual or accumulated; (26, 32)]. Fourth, the
spatial distribution of the weak flares is as point-
like as the strong ones, in contrast to the extended
quiescent emission (26). Therefore, we conclude
that neither flare nor quiescent emission origi-
nates from stellar coronal activity, although the
latter could still give a small (≲25%) contribution
to the quiescent emission.

As described above, the diffuse x-ray emission
on the scale of ≲1.5″ (or 1.5 × 105 rs) morpho-
logically resembles a gaseous disk with inclina-
tion angle and line-of-nodes similar to those of
the stellar disk around Sgr A*. This scale, a factor
of ≳2 smaller than rB, corresponds to the sound-
crossing distance over ∼102 (Ta/107 K)−1/2 years

(where Ta is the ambient gas temperature), which
is about the time since the last major burst of
Sgr A*, as inferred from x-ray light echoes [e.g.,
(33, 34)]. The burst, making Sgr A* a factor of
∼106 brighter than its present state over a period
of several 102 years, could have substantially al-
tered the surroundings, as well as the accretion
flow itself. A stable accretion flowwould then need
to be reestablished gradually, roughly at the sound-
crossing speed. This flow would be expected to
carry the net angular momentum of the captured
wind material with an orientation similar to that
of the stars, which could explain the morpholog-
ical similarities. However, the recent hydrody-
namic simulations of the stellar wind accretion
(8) suggest that a Keplerian motion-dominated
flow should occur on much smaller scales (r ≲
0.1″). If true, then the plasma on larger scales must
be supported mainly by large gradients of thermal,
magnetic, cosmic-ray, and/or turbulence pressures,
and/or the motion must be strongly affected by
the outward transport of angular momentum from
the accretion flow, as indicated in various simu-
lations [e.g., (19)].

One can further use the relative strengths of
individual lines as powerful diagnostics of the ac-
cretion flow (35, 36). X-ray emission lines trace
the emissionmeasure distribution as a function of
plasma temperature. The ionic fraction of He-like
S (S XV), for example, peaks at kBT ∼ 1.4 keV
(where kB is Boltzmann’s constant and T is tem-
perature), while the He-like Fe dominates in
the temperature range of ∼1.5 to 7 keVand the
H-like Fe peaks sharply at ∼9 keV. At temper-
atures ≳12 keV, Fe becomes nearly fully ionized.
Thus, if the radial dependence of the temperature
can be modeled, the density or mass distribution
as a function of radius can be inferred.

The extremely weak H-like Fe Ka line in the
Sgr A* spectrum immediately suggests a RIAF
with a very low mass fraction of the plasma at
kT ≳ 9 keV, or a strong outflow at radii r ≳ 104 rs
(26). Radially resolved analysis further shows that
the x-ray spectrum becomes increasingly hard
with decreasing radius and that the line centroid
and EWof the Fe Ka line also changes with the
radius. These characteristics can naturally be ex-
plained by the presence of plasma at a relatively
low temperature in the region, consistent with the

Fig. 2. Thex-ray spectrumofSgr
A* in quiescence [extracted from
the inner circle of 1.5″ radius and
local-background-subtracted; (26)]
and model fits: (A) Zero-metallicity
1-T thermal bremsstrahlung con-
tinuum plus various Gaussian lines
(table S1); (B) RIAFmodel with the
best-fit g = 2s/q = 1.9, where s
and q are the indices parametriz-
ing the density and temperature
profiles, respectively (26).
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CCD (charge-coupled device) Imaging Spectrometer-
Spectroscopy (ACIS-S ), combinedwith theHigh-
Energy Transmission Grating (HETG), was placed
at the aim point of the telescope. The on-axis
spatial resolution of Chandra is ∼0.4″ (full width
at half-maximum), whereas the spectral resolu-
tion of the 0th-order ACIS-S/HETG is about a
factor of∼2 better than that of the previousACIS-I
observations and thus enables critical spectro-
scopic diagnostics of the x-ray emission.

These observations reveal x-ray emission from
Sgr A* that appears substantially more extended
than a pointlike source [Fig. 1A; (26)]. After sub-
tracting a pointlike contribution, which accounts
for 20% of the total quiescent emission (26), an
east-west–elongated x-ray enhancement emerges
around Sgr A* on ∼1″ to 1.5″ scales (Fig. 1B).
This relatively symmetric enhancement morpho-
logically resembles the so-called clockwise stel-
lar disk, which is the most notable kinematically
organized structure known for the massive stars
around Sgr A* (27, 28). Irregular low–surface-
brightness features (e.g., spurs toward the north-
east and southeast; Fig. 1B) appear on scales
greater than the enhancement, but still roughly
within the Bondi radius. These features are softer
(more prominent in the 1- to 4-keV band than in
the 4- to 9-keV band) than the smoothly distrib-
uted background.

The quiescent x-ray emission is also spec-
trally distinct from the pointlike flare emission
(26), which is considerably harder. The accumu-
lated flare spectrum can be well characterized
by a power law with photon index 2.6(2.2, 3.0),
and foreground absorption with equivalent hy-
drogen column density NH = 16.6(14.1, 19.4) ×
1022 cm−2 [see (29) for the definition of the un-
certainties], consistent with the previous anal-
ysis of individual bright flares (30, 31). Because
of the simplicity of the flare spectrum, this NH

measurement can be considered a reliable es-
timate of the foreground x-ray–absorbing col-
umn density along the sightline toward Sgr A*
and hence a useful constraint in modeling the
more complex spectrum of the quiescent x-ray
emission.

By contrast, the quiescent spectrum shows
prominent emission lines (Fig. 2). In addition to
the previously known FeKa emission at∼6.7 keV,

Ka lines of several other species (He- and H-like
Ar, He-like S and Ca), as well as He-like Fe Kb,
are also apparent.We find that a single-temperature
(1-T) plasma with metal abundance set equal to
zero describes the overall (continuum) shape
of the observed spectrum well, and individual
Gaussians can be used to characterize the cen-
troid, flux, and EW of six most noticeable emis-
sion lines [Fig. 2A; (26)]. There is little sign of the
diagnostic Ka emission lines from fluorescent
neutral or weakly ionized Fe at ∼6.4 keVor H-like
Fe at 6.97 keV.

We can reject the stellar coronal hypothesis,
on the basis of our temporal, spatial, and spectral
results. First, our spectrum does not confirm the
presence of the 6.4-keV line, previously suggested
by (25). Measuring the 6.4-keV line, which is ad-
jacent to the strong highly ionized Fe Ka line, is
difficult when the spectral resolution is poor, as
was the case for the previous ACIS-I spectrum,
because the measurement then depends sensi-
tively on the assumed thermal plasmamodel. Our
measured upper limit to the EW of the 6.4-keV
line emission, 22 eV (26), is more than a factor of
2 below the range predicted before (25). Second,
the quiescent emission shows no appreciable var-
iation on time scales of hours or days, as expected
from the sporadic giant coronal flares of individ-
ual stars. Third, if the bulk of the quiescent emis-
sion is due to stellar coronal activity, then it should
also account for some of the detected x-ray flares,
especially the relatively long and weak ones (25).
However, no sign of any line emission, even the
strong Fe Ka line, is found in any flare spectra
[individual or accumulated; (26, 32)]. Fourth, the
spatial distribution of the weak flares is as point-
like as the strong ones, in contrast to the extended
quiescent emission (26). Therefore, we conclude
that neither flare nor quiescent emission origi-
nates from stellar coronal activity, although the
latter could still give a small (≲25%) contribution
to the quiescent emission.

As described above, the diffuse x-ray emission
on the scale of ≲1.5″ (or 1.5 × 105 rs) morpho-
logically resembles a gaseous disk with inclina-
tion angle and line-of-nodes similar to those of
the stellar disk around Sgr A*. This scale, a factor
of ≳2 smaller than rB, corresponds to the sound-
crossing distance over ∼102 (Ta/107 K)−1/2 years

(where Ta is the ambient gas temperature), which
is about the time since the last major burst of
Sgr A*, as inferred from x-ray light echoes [e.g.,
(33, 34)]. The burst, making Sgr A* a factor of
∼106 brighter than its present state over a period
of several 102 years, could have substantially al-
tered the surroundings, as well as the accretion
flow itself. A stable accretion flowwould then need
to be reestablished gradually, roughly at the sound-
crossing speed. This flow would be expected to
carry the net angular momentum of the captured
wind material with an orientation similar to that
of the stars, which could explain the morpholog-
ical similarities. However, the recent hydrody-
namic simulations of the stellar wind accretion
(8) suggest that a Keplerian motion-dominated
flow should occur on much smaller scales (r ≲
0.1″). If true, then the plasma on larger scales must
be supported mainly by large gradients of thermal,
magnetic, cosmic-ray, and/or turbulence pressures,
and/or the motion must be strongly affected by
the outward transport of angular momentum from
the accretion flow, as indicated in various simu-
lations [e.g., (19)].

One can further use the relative strengths of
individual lines as powerful diagnostics of the ac-
cretion flow (35, 36). X-ray emission lines trace
the emissionmeasure distribution as a function of
plasma temperature. The ionic fraction of He-like
S (S XV), for example, peaks at kBT ∼ 1.4 keV
(where kB is Boltzmann’s constant and T is tem-
perature), while the He-like Fe dominates in
the temperature range of ∼1.5 to 7 keVand the
H-like Fe peaks sharply at ∼9 keV. At temper-
atures ≳12 keV, Fe becomes nearly fully ionized.
Thus, if the radial dependence of the temperature
can be modeled, the density or mass distribution
as a function of radius can be inferred.

The extremely weak H-like Fe Ka line in the
Sgr A* spectrum immediately suggests a RIAF
with a very low mass fraction of the plasma at
kT ≳ 9 keV, or a strong outflow at radii r ≳ 104 rs
(26). Radially resolved analysis further shows that
the x-ray spectrum becomes increasingly hard
with decreasing radius and that the line centroid
and EWof the Fe Ka line also changes with the
radius. These characteristics can naturally be ex-
plained by the presence of plasma at a relatively
low temperature in the region, consistent with the

Fig. 2. Thex-ray spectrumofSgr
A* in quiescence [extracted from
the inner circle of 1.5″ radius and
local-background-subtracted; (26)]
and model fits: (A) Zero-metallicity
1-T thermal bremsstrahlung con-
tinuum plus various Gaussian lines
(table S1); (B) RIAFmodel with the
best-fit g = 2s/q = 1.9, where s
and q are the indices parametriz-
ing the density and temperature
profiles, respectively (26).
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Dissecting X-ray–Emitting Gas Around
the Center of Our Galaxy
Q. D. Wang,1,2* M. A. Nowak,3 S. B. Markoff,4 F. K. Baganoff,3 S. Nayakshin,5 F. Yuan,6
J. Cuadra,7 J. Davis,3 J. Dexter,8 A. C. Fabian,1 N. Grosso,9 D. Haggard,10 J. Houck,3 L. Ji,11
Z. Li,12 J. Neilsen,13,3 D. Porquet,9 F. Ripple,2 R. V. Shcherbakov14

Most supermassive black holes (SMBHs) are accreting at very low levels and are difficult to
distinguish from the galaxy centers where they reside. Our own Galaxy’s SMBH provides an
instructive exception, and we present a close-up view of its quiescent x-ray emission based on
3 megaseconds of Chandra observations. Although the x-ray emission is elongated and aligns
well with a surrounding disk of massive stars, we can rule out a concentration of low-mass
coronally active stars as the origin of the emission on the basis of the lack of predicted iron (Fe)
Ka emission. The extremely weak hydrogen (H)–like Fe Ka line further suggests the presence of
an outflow from the accretion flow onto the SMBH. These results provide important constraints
for models of the prevalent radiatively inefficient accretion state.

The nucleus of our Galaxy offers a mul-
titude of opportunities for observing the
interplay between a supermassive black

hole (SMBH) and its immediate surroundings.
The SMBH, named Sgr A* (Sagittarius A*), has
a mass of 4.1 × 106 solar masses (M⊙) (1, 2), and
at its distance of 8 kpc (1), an arc sec (1″) sub-
tends 1.2 × 1017 cm, or 1.0 × 105 rs, where rs =
1.2 × 1012 cm is the Schwarzschild radius. The
x-ray emission of Sgr A* typically has an unab-
sorbed 2- to 10-keV luminosity (Lx) of a few times
1033 erg s−1 (3), or a factor of ∼1011 lower than
the canonical maximum allowed (Eddington) lu-
minosity of the SMBH, representing a common
“inactive” state of galactic nuclei in the local
universe. Because of its proximity, Sgr A* allows
us to study this extremely low-Lx state in un-
paralleled detail [e.g., (4, 5)].

It is believed that Sgr A* feeds off the winds
from surrounding massive stars (6–8). At the so-

called Bondi capture radius rB ∼ 4″(Ta/10
7 K)−1

(9), the gravitational pull of the SMBH overcomes
the expandingmotion of themediumwith effective
temperature Ta. The corresponding Bondi capture
rate is estimated to beM

:
B ∼ 1! 10−5 M⊙ year−1

[e.g., (3)]. If Sgr A* indeed accretes at this rate
and if the 10% x-ray emission efficiency of a
“normal” active galactic nucleus applies, one
would predict a luminosity of Lx ∼ 1041 erg s−1.
That the observed Lx is nearly a factor of ∼108
smaller has led to a renaissance of radiatively
inefficient accretion flow (RIAF) models (10, 11),
including self-similar solutions (12–17) and nu-
merous hydrodynamic or magneto-hydrodynamic

simulations of various complexities and dynamic
ranges [e.g., (18–23)]. Many of the recent model
developments were stimulated by submillimeter
polarization and Faraday rotation measurements,
providing stringent constraints on the accretion
rate in the innermost region (r ≲ 102 rs) of Sgr
A*[e.g., (24)]. But controversies remain as to
which model (if any) may apply [e.g., (19, 21)].

High–angular resolution observations of Sgr
A*—such as those provided by the Chandra
X-ray Observatory—can in principle probe the
accretion phenomenon not only in its innermost
regions, but also the outer boundary conditions
at flow onset. However, there are substantial
uncertainties regarding the interpretation of the
quiescent emission of Sgr A*, which previous
Chandra observations showed to be extended
with an intrinsic size of about 1.4″ (3). How
that emission is distributed within this region,
and how much is due to a bound accretion flow
versus other components, remains unclear. Fur-
thermore, it has been proposed (3, 25) that a sub-
stantial or even dominant fraction of the emission
could arise from a centrally peaked population
of coronally active, low-mass main-sequence stars
around Sgr A*, which is allowed by current near-
infrared observations. This scenario predicts a
6.4-keV emission line with the equivalent width
(EW) in the range of 50 to 100 eV, due to fluo-
rescence of photospheric weakly ionized irons,
irradiated by coronal flare x-rays. It is thus es-
sential to test this hypothesis before we can as-
sign the x-ray emission to the accretion flow onto
the SMBH.

We use data taken during the Sgr A* X-ray
Visionary Program [XVP; (26)]. The Advanced
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Fig. 1. X-ray images of Sgr A* in quiescence. (A) An image constructed with the XVP 0th-order ACIS-S/HETG
data in the 1- to 9-keV band. The contours are at 1.3, 2.2, 3.7, 6.3, and 11 × 10−4 counts s−1 arc sec−2.
North is up and east is to the left. The dashed circle around Sgr A* marks its Bondi capture radius
(assumed to be 4″). (B) A magnified image of Sgr A*. The emission is decomposed into extended (color
image) and pointlike (contour) components. The latter component is modeled with the net flare emission
(26) and is illustrated as the intensity contours at 0.3, 0.6, 1.2, 2.4, and 5 counts per pixel. The straight
dashed line marks the orientation of the Galactic plane, whereas the dashed ellipse of a 1.5″ semimajor
axis illustrates the elongation of the primary massive stellar disk, which has an inclination of i ∼ 127°, a
line-of-nodes position angle of 100° (east from north), and a radial density distribution º r−2 with a
sharp inner cutoff at r ≈ 1′′ (27).
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TABLE 3
Posterior distribution of HEG model parameters with 90% confidence intervals

NH Photon Index Fe centroid Fe line EW LX(2� 10 keV)
1022 cm�2 � keV eV 1033 erg cm�2 s�1

HEG+1 8.4 (5.9, 10.8) 2.6 (2.1, 3.2) 6.652 (6.599, 6.695) 360 (131, 656) 3.4 (2.7, 4.3)
HEG-1 2.3 (1.0, 3.8) 1.1 (1.0, 1.5) 6.681 (6.629, 6.730) 658 (362, 1002) 2.1 (1.8, 2.3)

Fig. 2.— Best fit emcee walker for the HEG dataset. Top panels: The raw Sgr A* counts histogram is plotted in black and the raw
background is plotted in dark blue, and both are binned by a factor of 20. The background spline model is overlaid in light blue, and the
background plus model is overlaid in red. Middle panels: The background subtracted, binned Sgr A* counts histogram (black) is plotted
for visual inspection of the binned model counts (red). Bottom panels: Model residuals divided by the Gehrels error bar are plotted. There
are no significant emission or absorption line features that appear in both spectra.

used for the HEG spectra (§ 3.1), with the Gaussian line
omitted.
The left hand portion of Table 4 summarizes the fi-

nal results for the power law and ISM extinction models
fits to the MEG data. The MEG+1 dataset was well
constrained with a single population of model parame-
ters, but the MEG-1 dataset exhibited a multiple local
maxima to the posterior probability distribution. We
chose the population of emcee walkers that best agreed
with previous luminosity measurements of Sgr A*, i.e.
log LX < 33.8 in cgs units. Figure 3 show model spectra
obtain from the best fit walkers. The grey residuals in
the bottom panel of both figures hint at an emission line
around 3.95 Å(indicated with an arrow), likely associated
with Argon.
With the power law parameters frozen to the best fit

values, we re-ran emcee to fit a Gaussian line. We limited
the Gaussian center to the range of 3.6-4.1 Å and applied
the prior to the Sgr A* luminosity as described for the
power law fit, above. The resulting fits show improved
residuals (shown in black, bottom portion of Figure 3)
with a line centered on 3.1 keV with an equivalent width
of 60-180 eV (middle portion of Table 4).

4. DISCUSSION

As noted above, the continuum model of a power law
does not match well to the observed interstellar extinc-
tion towards other Galactic Center sources, which typ-
ically have NH = 1.5 ⇥ 1023 cm�2. Similar results are

achieved when modeling the emission of Sgr A* with a
single temperature plasma (W13). Thus a more complex
continuum model is needed to describe the accretion flow.
Despite the range of parameters used to describe the un-
derlying continuum, we are able to measure two emission
lines with consistency across the ±1 orders of the HEG
and MEG.

4.1. Comparison of Gaussian line fits to theoretical

predictions

Figure 4 visualizes the results for the iron line emis-
sion described in this paper and W13. We overlay all of
the strong lines (with emissivity > 10�18 phot cm3 s�1)
listed in AtomDB 3.0.9. This is the most up-to-date ver-
sion of AtomDB, for which the position of He-like iron
lines have been adjusted as a result of the high-resolution
X-ray spectra obtained from Hitomi observations of, e.g.,
the Perseus cluster (Hitomi Collaboration et al. 2018).
The measurements of the HEG±1 datasets are consistent
with a blend of the FeXXV triplet, for which the resonant
(w) and forbidden (z) lines are strongest. While it is in
this range of energies, the FeXXIV line is not desrcibed
in any of the works evaluated below.
The right side of Figure 4 shows the measured FeXXV

equivalent width and comparisons to various predictions
for the Sgr A* accretion flow. Narayan & Raymond
(1999, hereafter NR99) used an ADAF model (q ⇡ 1) and
altered the mass accretion profile to account for the pres-
ence of a wind (SW, yielding s ⇡ 1/2) or no wind (SNW,

6

TABLE 4
Posterior distribution of MEG model parameters with 90% confidence intervals

NH Photon Index Line centroid Line EW LX(2� 10 keV)
1022 cm�2 � keV eV 1033 erg cm�2 s�1

MEG+1 12.7 (11.6, 13.8) 4.1 (3.7, 4.4) 3.140 (3.115, 3.166) 124 (74, 183) 6.2 (5.2, 7.3)
MEG-1 8.8 (8.0, 9.6) 2.4 (2.2, 2.7) 3.115 (3.097, 3.131) 111 (57, 170) 4.1 (3.7, 4.6)

Fig. 3.— Best fit emcee walker for the MEG dataset, plotted in the same way as Figure 2. The MEG models do not incorporate a
Gaussian iron line features, because the MEG gratings do not have su�cient sensitivity. When the spectra are fit with a power law only,
both sets of residuals (bottom panel, grey error bars) show indications of an emission feature around 3.95 Å, likely associated with Argon,
indicated with the grey arrow. When we freeze the power law to its best fit values, the parameters described in the inset text, and fit for a
Gaussian emission lines, the residuals improve (bottom panel, black error bars). The centers of the fit lines are marked with a grey arrow.

Fig. 4.— Measurements of the iron line centroid (left) and equiv-
alent width (right) from the parametric fit to the CCD spectrum in
this work (Table 2), the W13 parametric fit to the CCD spectrum,
and the HEG±1 orders (Table 3).

yielding s ⇡ �1/2). The wind models lead to lower tem-
peratures throughout a larger volume of the accretion
flow, producing to higher equivalent widths overall. Fig-
ure 4 shows the NR99 predicted sum of equivalent widths
from all lines in the He-like iron doublet, from models
with and without winds. As expected, the no-wind case
of NR99, which has higher temperatures overall, is ruled
out.
Yuan et al. (2003, hereafter Y03) developed a RIAF

model to fit the multi-wavelength quiescent spectrum of
Sgr A* along with the constraints made on the electron
density from radio observations. Their radiative trans-
fer model includes both thermal and non-thermal pop-

ulations of electrons, the latter of which are accelerated
through magnetic turbulence. The best fitting model
had a temperature and density distribution that follows
q ⇡ 3/4 and s ⇡ 1/2, respectively. Xu et al. (2006, here-
after X06) provided predictions for the thermal X-ray line
emission from the generalized RIAF model described in
§ 1 and the Y03 model specifically. The magenta dashed
line shows the X06 results for q = 0.75 and s = 0.75,
which is the only X06 model that agrees with both the
results shown in Figure 4 and the radio measurements
for free electron density in the accretion flow.
The iron line centroids and equivalent widths obtained

from the HEG measurements are not as well constrained
as the fits obtained with the CCD spectrum. As we will
show in §4.2, this spread likely due to the complex of
iron lines that appear with low signal-to-noise, making
fits with a single Gaussian line inappropriately broad.
Considering that past theoretical works did not provide
comprehensive predictions for a variety of iron ions, we
reserve this evaluation for a later work.
Figure 5 visualizes the fit results for the 3.1 keV emis-

sion line, which is also measured in W13. The MEG
dataset provides a stronger constraint on the line cen-
ter than that achieved by W13, while obtaining similar
results for the equivalent width. The strongest emission
lines, as listed in AtomDB 3.0.9, between 3.0 and 3.2 keV
are overlaid with the measurements for the line center in
Figure 5, left. The He-like Ar triplet aligns well with

A simple Gaussian fit yields 6.7 and 3.1 keV lines

Source spectrum

Background spectrum Background model

Powerlaw + Gaussian
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Better constraint on 3.1 keV line centroid,  
most likely He-like Argon
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Single Gaussian fit to Fe XXV lines consistent with  
but no better than CCD fits
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Most supermassive black holes (SMBHs) are accreting at very low levels and are difficult to
distinguish from the galaxy centers where they reside. Our own Galaxy’s SMBH provides an
instructive exception, and we present a close-up view of its quiescent x-ray emission based on
3 megaseconds of Chandra observations. Although the x-ray emission is elongated and aligns
well with a surrounding disk of massive stars, we can rule out a concentration of low-mass
coronally active stars as the origin of the emission on the basis of the lack of predicted iron (Fe)
Ka emission. The extremely weak hydrogen (H)–like Fe Ka line further suggests the presence of
an outflow from the accretion flow onto the SMBH. These results provide important constraints
for models of the prevalent radiatively inefficient accretion state.

The nucleus of our Galaxy offers a mul-
titude of opportunities for observing the
interplay between a supermassive black

hole (SMBH) and its immediate surroundings.
The SMBH, named Sgr A* (Sagittarius A*), has
a mass of 4.1 × 106 solar masses (M⊙) (1, 2), and
at its distance of 8 kpc (1), an arc sec (1″) sub-
tends 1.2 × 1017 cm, or 1.0 × 105 rs, where rs =
1.2 × 1012 cm is the Schwarzschild radius. The
x-ray emission of Sgr A* typically has an unab-
sorbed 2- to 10-keV luminosity (Lx) of a few times
1033 erg s−1 (3), or a factor of ∼1011 lower than
the canonical maximum allowed (Eddington) lu-
minosity of the SMBH, representing a common
“inactive” state of galactic nuclei in the local
universe. Because of its proximity, Sgr A* allows
us to study this extremely low-Lx state in un-
paralleled detail [e.g., (4, 5)].

It is believed that Sgr A* feeds off the winds
from surrounding massive stars (6–8). At the so-

called Bondi capture radius rB ∼ 4″(Ta/10
7 K)−1

(9), the gravitational pull of the SMBH overcomes
the expandingmotion of themediumwith effective
temperature Ta. The corresponding Bondi capture
rate is estimated to beM

:
B ∼ 1! 10−5 M⊙ year−1

[e.g., (3)]. If Sgr A* indeed accretes at this rate
and if the 10% x-ray emission efficiency of a
“normal” active galactic nucleus applies, one
would predict a luminosity of Lx ∼ 1041 erg s−1.
That the observed Lx is nearly a factor of ∼108
smaller has led to a renaissance of radiatively
inefficient accretion flow (RIAF) models (10, 11),
including self-similar solutions (12–17) and nu-
merous hydrodynamic or magneto-hydrodynamic

simulations of various complexities and dynamic
ranges [e.g., (18–23)]. Many of the recent model
developments were stimulated by submillimeter
polarization and Faraday rotation measurements,
providing stringent constraints on the accretion
rate in the innermost region (r ≲ 102 rs) of Sgr
A*[e.g., (24)]. But controversies remain as to
which model (if any) may apply [e.g., (19, 21)].

High–angular resolution observations of Sgr
A*—such as those provided by the Chandra
X-ray Observatory—can in principle probe the
accretion phenomenon not only in its innermost
regions, but also the outer boundary conditions
at flow onset. However, there are substantial
uncertainties regarding the interpretation of the
quiescent emission of Sgr A*, which previous
Chandra observations showed to be extended
with an intrinsic size of about 1.4″ (3). How
that emission is distributed within this region,
and how much is due to a bound accretion flow
versus other components, remains unclear. Fur-
thermore, it has been proposed (3, 25) that a sub-
stantial or even dominant fraction of the emission
could arise from a centrally peaked population
of coronally active, low-mass main-sequence stars
around Sgr A*, which is allowed by current near-
infrared observations. This scenario predicts a
6.4-keV emission line with the equivalent width
(EW) in the range of 50 to 100 eV, due to fluo-
rescence of photospheric weakly ionized irons,
irradiated by coronal flare x-rays. It is thus es-
sential to test this hypothesis before we can as-
sign the x-ray emission to the accretion flow onto
the SMBH.

We use data taken during the Sgr A* X-ray
Visionary Program [XVP; (26)]. The Advanced
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Fig. 1. X-ray images of Sgr A* in quiescence. (A) An image constructed with the XVP 0th-order ACIS-S/HETG
data in the 1- to 9-keV band. The contours are at 1.3, 2.2, 3.7, 6.3, and 11 × 10−4 counts s−1 arc sec−2.
North is up and east is to the left. The dashed circle around Sgr A* marks its Bondi capture radius
(assumed to be 4″). (B) A magnified image of Sgr A*. The emission is decomposed into extended (color
image) and pointlike (contour) components. The latter component is modeled with the net flare emission
(26) and is illustrated as the intensity contours at 0.3, 0.6, 1.2, 2.4, and 5 counts per pixel. The straight
dashed line marks the orientation of the Galactic plane, whereas the dashed ellipse of a 1.5″ semimajor
axis illustrates the elongation of the primary massive stellar disk, which has an inclination of i ∼ 127°, a
line-of-nodes position angle of 100° (east from north), and a radial density distribution º r−2 with a
sharp inner cutoff at r ≈ 1′′ (27).
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for illustrative purposes only

Examination of the
unbinned spectrum
reveals more of the 

Fe line complex  
and potential  
velocity shifts
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Table 1. Fitting parameters to the multiband SED. For Fits 2 and 3, the values of the parameters are taken at the peaks of the histogram as shown in Figs 3 and 5.
The modelling results of Y03 are also shown for comparison.

Fit 1 Fit 2 Fit 3 Y03

Differences N/A Limited range of ṁ0 Only sub-mm & IR r < 105Rg
ṁ0 (10−7 M⊙ yr−1) 1.5 5.0 0.3 2.4
s 0.37 0.59 0.05 0.27
η (per cent) 2.2 0.7 1.9 1.5
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Figure 6. The SED of Fit 1 to the point-like source in Sgr A∗. The
contribution of thermal and non-thermal electrons in the inner (r < 30Rg) and
outer (30Rg < r < 103Rg) regions to the SED are also shown with different
lines. For the thermal electrons in the inner region, the three bumps from low
to high frequencies correspond to synchrotron, inverse Compton scattering,
and bremsstrahlung emission, respectively. For the thermal electrons in the
outer region, the bump of inverse Compton scattering is too weak to be
shown. The origins of the data in both panels are shown with different
symbols of circles (Shcherbakov et al. 2012), diamonds (Liu et al. 2016b),
downward triangles (Schödel et al. 2011), empty square (Wang et al. 2013),
and filled square (Roberts et al. 2017).

different for the different fits, which are about 0.37, 0.6, and 0.0,
respectively.

The contributions of the thermal and non-thermal electrons inside
and outside 30Rg, as well as the total SED, are shown in Fig. 6. As an
example, only Fit 1 is shown. The following points can be seen. For
the most luminous part of the SED, the sub-mm bump is dominated
by the synchrotron emission of the thermal electrons within 30Rg.
In the low-frequency (ν < 1010 Hz) band, the contribution of non-
thermal electrons from larger radii becomes significant. Around the
1010–1011 Hz or cm band, the emission from non-thermal electrons
is almost comparable to that from inner thermal electrons. The X-ray
emission at 5 keV is dominated by the synchrotron emission of the
inner non-thermal electrons, and the hard X-rays around ∼ 100 keV
mainly emit from the bremsstrahlung of the outer thermal electrons.

The SEDs of all the three fittings are shown in Fig. 7, with the
left-hand panel showing the multiband SED and the right-hand
panel zooming in on the sub-mm bump. The differences between
the fittings are easy to understand. The thermal synchrotron bumps
are almost the same for the three fittings because the densities and
temperature are almost the same in the innermost region. For Fit 2,
the stronger outflow or flatter density distribution leads to a higher
density at a larger radius, and as a result a smaller η is needed to fit
the cm and low-frequency radio data. The smaller η then leads to

less non-thermal electrons in the innermost region and consequently
weaker 5 keV X-ray emission. Moreover, the higher density at large
radius can also lead to stronger emission in the hard X-ray band.
For Fit 3, because the density decreases quickly with radius, even
though η is large, the density of non-thermal electrons is still too
small to explain the cm and low-frequency radiation. Moreover, the
value of η in Fit 3 can only be slightly larger than that in Fit 1 if the
limitation of 5 keV X-ray data is included.

Comparing all the fittings with the observational data, the
following points can be seen. Fit 2 can explain the SED well,
but it slightly underestimates the peak of the sub-mm bump. Fit
3 can explain the bump quite well, but underpredicts low-frequency
radio data (ν < 102 GHz) and slightly overpredicts the X-ray data.
Fit 1, intermediate between Fits 2 and 3, explains the SED best
generally.

Although both Fits 1 and 2 can explain the SED well, it is
indispensable to check whether they are consistent with Roberts
et al. (2017), which is fundamental to this paper. The photon index
at 5 keV is given in Roberts et al. (2017), i.e. α ∼ 4.8 (3.5, 7.5).
Both fittings are consistent due to the large uncertainty. On the other
hand, we check the density and accretion rate at 103Rg. The density
distributions of the fittings have been shown in Fig. 2, and the value
of ṁ0 is listed in Table 1. The densities of different models are
similar in the innermost region due to the sub-mm bump, but they
are very different at larger radii. For Fit 1, ṁ0 is a few times lower
and the density n is a bit higher, but roughly speaking the result is
consistent. For Fit 2, the density at the outer boundary is almost one
order of magnitude higher, which is out of the uncertainty. So Fit 1
is preferred, though the value of s in Fit 2 agrees very well with the
numerical simulations.

The fitting results, especially the value of s, are not significantly
affected by the value of the fixed parameters, i.e. β, δ, and p. For β

and δ, to some extent, they degenerate with ṁ0, and so are already
incorporated. For p, because of the constraints from the flux ratios
between radio bands and X-ray band, its value is unlikely to change
much (Y03).

To further check whether our results are reasonable or not, in the
following four paragraphs, we check the value of the parameters
by comparing with previous work and observations. Compared to
previous results, most of the parameters are of reasonable value.
Although the value of η ∼ 2 per cent seems a bit high, it is still an
acceptable value, particularly in the inner region. This is because
the fraction of non-thermal electrons could be as high as 10 per cent,
as shown by the studies about the particle acceleration mechanisms
(e.g. Guo, Sironi & Narayan 2014; Guo et al. 2015; Ball et al. 2016).

Compared with Y03, the sub-mm bump is lower and flatter. This
is because their modelling is dominated by the data points at 230 and
340 GHz, which are much higher than the interpolation of the other
radio data, and are likely contaminated by diffuse emission from the
surrounding region when the resolutions of early observations are
poor. The new observational data by ALMA are also considerably
lower than those two data points. Due to their adopted higher fluxes,
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Table 1. Fitting parameters to the multiband SED. For Fits 2 and 3, the values of the parameters are taken at the peaks of the histogram as shown in Figs 3 and 5.
The modelling results of Y03 are also shown for comparison.

Fit 1 Fit 2 Fit 3 Y03

Differences N/A Limited range of ṁ0 Only sub-mm & IR r < 105Rg
ṁ0 (10−7 M⊙ yr−1) 1.5 5.0 0.3 2.4
s 0.37 0.59 0.05 0.27
η (per cent) 2.2 0.7 1.9 1.5
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Figure 6. The SED of Fit 1 to the point-like source in Sgr A∗. The
contribution of thermal and non-thermal electrons in the inner (r < 30Rg) and
outer (30Rg < r < 103Rg) regions to the SED are also shown with different
lines. For the thermal electrons in the inner region, the three bumps from low
to high frequencies correspond to synchrotron, inverse Compton scattering,
and bremsstrahlung emission, respectively. For the thermal electrons in the
outer region, the bump of inverse Compton scattering is too weak to be
shown. The origins of the data in both panels are shown with different
symbols of circles (Shcherbakov et al. 2012), diamonds (Liu et al. 2016b),
downward triangles (Schödel et al. 2011), empty square (Wang et al. 2013),
and filled square (Roberts et al. 2017).

different for the different fits, which are about 0.37, 0.6, and 0.0,
respectively.

The contributions of the thermal and non-thermal electrons inside
and outside 30Rg, as well as the total SED, are shown in Fig. 6. As an
example, only Fit 1 is shown. The following points can be seen. For
the most luminous part of the SED, the sub-mm bump is dominated
by the synchrotron emission of the thermal electrons within 30Rg.
In the low-frequency (ν < 1010 Hz) band, the contribution of non-
thermal electrons from larger radii becomes significant. Around the
1010–1011 Hz or cm band, the emission from non-thermal electrons
is almost comparable to that from inner thermal electrons. The X-ray
emission at 5 keV is dominated by the synchrotron emission of the
inner non-thermal electrons, and the hard X-rays around ∼ 100 keV
mainly emit from the bremsstrahlung of the outer thermal electrons.

The SEDs of all the three fittings are shown in Fig. 7, with the
left-hand panel showing the multiband SED and the right-hand
panel zooming in on the sub-mm bump. The differences between
the fittings are easy to understand. The thermal synchrotron bumps
are almost the same for the three fittings because the densities and
temperature are almost the same in the innermost region. For Fit 2,
the stronger outflow or flatter density distribution leads to a higher
density at a larger radius, and as a result a smaller η is needed to fit
the cm and low-frequency radio data. The smaller η then leads to

less non-thermal electrons in the innermost region and consequently
weaker 5 keV X-ray emission. Moreover, the higher density at large
radius can also lead to stronger emission in the hard X-ray band.
For Fit 3, because the density decreases quickly with radius, even
though η is large, the density of non-thermal electrons is still too
small to explain the cm and low-frequency radiation. Moreover, the
value of η in Fit 3 can only be slightly larger than that in Fit 1 if the
limitation of 5 keV X-ray data is included.

Comparing all the fittings with the observational data, the
following points can be seen. Fit 2 can explain the SED well,
but it slightly underestimates the peak of the sub-mm bump. Fit
3 can explain the bump quite well, but underpredicts low-frequency
radio data (ν < 102 GHz) and slightly overpredicts the X-ray data.
Fit 1, intermediate between Fits 2 and 3, explains the SED best
generally.

Although both Fits 1 and 2 can explain the SED well, it is
indispensable to check whether they are consistent with Roberts
et al. (2017), which is fundamental to this paper. The photon index
at 5 keV is given in Roberts et al. (2017), i.e. α ∼ 4.8 (3.5, 7.5).
Both fittings are consistent due to the large uncertainty. On the other
hand, we check the density and accretion rate at 103Rg. The density
distributions of the fittings have been shown in Fig. 2, and the value
of ṁ0 is listed in Table 1. The densities of different models are
similar in the innermost region due to the sub-mm bump, but they
are very different at larger radii. For Fit 1, ṁ0 is a few times lower
and the density n is a bit higher, but roughly speaking the result is
consistent. For Fit 2, the density at the outer boundary is almost one
order of magnitude higher, which is out of the uncertainty. So Fit 1
is preferred, though the value of s in Fit 2 agrees very well with the
numerical simulations.

The fitting results, especially the value of s, are not significantly
affected by the value of the fixed parameters, i.e. β, δ, and p. For β

and δ, to some extent, they degenerate with ṁ0, and so are already
incorporated. For p, because of the constraints from the flux ratios
between radio bands and X-ray band, its value is unlikely to change
much (Y03).

To further check whether our results are reasonable or not, in the
following four paragraphs, we check the value of the parameters
by comparing with previous work and observations. Compared to
previous results, most of the parameters are of reasonable value.
Although the value of η ∼ 2 per cent seems a bit high, it is still an
acceptable value, particularly in the inner region. This is because
the fraction of non-thermal electrons could be as high as 10 per cent,
as shown by the studies about the particle acceleration mechanisms
(e.g. Guo, Sironi & Narayan 2014; Guo et al. 2015; Ball et al. 2016).

Compared with Y03, the sub-mm bump is lower and flatter. This
is because their modelling is dominated by the data points at 230 and
340 GHz, which are much higher than the interpolation of the other
radio data, and are likely contaminated by diffuse emission from the
surrounding region when the resolutions of early observations are
poor. The new observational data by ALMA are also considerably
lower than those two data points. Due to their adopted higher fluxes,
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More to come!
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Stellar winds pump the heart of the Milky Way 3

Figure 2. Complete evolution of the mass-losing stars orbiting Sgr A*. The panels a)-f) show projected density maps along

the z-axis (parallel to the line-of-sight) weighted by density. The horizontal and vertical axes are parallel to right ascension and

declination, respectively. Each panel shows the complete simulation domain at di↵erent simulation times. Panels g) and f) are

zoomed density projection maps at t = 0 along the z- and y-axes, respectively, showing the disk-like structure around Sgr A*.

Notice the change in the scale of the colorbar.

mined, we used the most likely trajectories expected for
the members of the “clockwise disk” (Beloborodov et
al. 2006), while the rest were calculated through mini-
mizing their eccentricity (Cuadra et al. 2008). The stel-
lar wind generation is simulated following the approach
of Lemaster et al. (2007), and also used in Calderón
et al. (2019). The properties of the stellar winds were
taken from spectroscopic studies (Martins et al. 2007;
Cuadra et al. 2008). In order to avoid artificial accu-
mulation of material close to the black hole we set an
open boundary of radius 2

p
3�x, where �x is the size

of the smallest cell. This sphere in the domain is re-
set after each time step to low density at rest and low
pressure (Ressler et al 2018). The domain of the simu-
lation is a cubic box of side length 1.6 pc (⇠40 arcsec)
with outflow boundary conditions (zero gradients). The
coarse resolution corresponds to 643 cells, plus four ex-
tra refinement levels (�x ⇡ 1.6⇥10�3 pc). Instead, the
stellar wind generation regions allow five extra refine-
ment levels (�x ⇡ 7.8 ⇥ 10�4 pc), while the vicinity of
the inner boundary allows eight extra refinement levels
(�x ⇡ 9.8 ⇥ 10�5 pc). The initial position and veloc-
ity of the WR stars are determined extrapolating the
state vectors to the past, so that the simulation evolves

the system up to the present epoch (Cuadra et al. 2008,
2015; Ressler et al 2018). Most stars have periods of the
order of ⇠104 yr and orbit around Sgr A* at a distance
of ⇠0.3 pc (see Figure 1). Although at such distances
the free-fall timescale (dashed green line) is of the order
of hundreds of year, it is not easy for the stellar wind ma-
terial to shed its angular momentum, so it corresponds
to a lower limit of the actual infalling timescale.

In this work, the simulation starts from 3500 yr in
the past in order to study whether it is possible for the
system to reach, and maintain steady state or not2. As
a control sample we run a model starting 1100 yr in the
past, similar to previous works in the literature (Cuadra
et al. 2008, 2015; Ressler et al 2018). The domain is
initialized at very low density ⇢ISM = 10�24 g cm�3 at
rest u = 0, and low pressure PISM = ⇢ISMc2s,f�

�1, where
cs,f = 10 km s�1 is the sound speed of the temperature
floor (T ⇡ 104 K), and � is the adiabatic index which is
set to 5/3 for an adiabatic gas. This latter value was
chosen, assuming that the strong ultraviolet radiation

2 Ideally, we would like to start the simulation as early as possi-
ble but this incurs a very high computational cost: 3500 yr equates
to ⇠100, 000 cpu hours.
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lar wind generation is simulated following the approach
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mulation of material close to the black hole we set an
open boundary of radius 2

p
3�x, where �x is the size

of the smallest cell. This sphere in the domain is re-
set after each time step to low density at rest and low
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with outflow boundary conditions (zero gradients). The
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ment levels (�x ⇡ 7.8 ⇥ 10�4 pc), while the vicinity of
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(�x ⇡ 9.8 ⇥ 10�5 pc). The initial position and veloc-
ity of the WR stars are determined extrapolating the
state vectors to the past, so that the simulation evolves
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2015; Ressler et al 2018). Most stars have periods of the
order of ⇠104 yr and orbit around Sgr A* at a distance
of ⇠0.3 pc (see Figure 1). Although at such distances
the free-fall timescale (dashed green line) is of the order
of hundreds of year, it is not easy for the stellar wind ma-
terial to shed its angular momentum, so it corresponds
to a lower limit of the actual infalling timescale.

In this work, the simulation starts from 3500 yr in
the past in order to study whether it is possible for the
system to reach, and maintain steady state or not2. As
a control sample we run a model starting 1100 yr in the
past, similar to previous works in the literature (Cuadra
et al. 2008, 2015; Ressler et al 2018). The domain is
initialized at very low density ⇢ISM = 10�24 g cm�3 at
rest u = 0, and low pressure PISM = ⇢ISMc2s,f�

�1, where
cs,f = 10 km s�1 is the sound speed of the temperature
floor (T ⇡ 104 K), and � is the adiabatic index which is
set to 5/3 for an adiabatic gas. This latter value was
chosen, assuming that the strong ultraviolet radiation

2 Ideally, we would like to start the simulation as early as possi-
ble but this incurs a very high computational cost: 3500 yr equates
to ⇠100, 000 cpu hours.
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Figure 3. Mass flow rate across a sphere of radius

5 ⇥ 10
�4

pc (1.25⇥ 10
�2

arcsec). The absolute value of the

net mass flow rate is shown by the solid blue line. The mass

inflow and outflow rates are represented by the dotted or-

ange and dashed green lines, respectively. The vertical solid

black lines (at t ⇡ �3000 yr and t ⇡ �800 yr) divide the

evolution into the transient, quasi-steady, and disk phases.
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Figure 4. Density (blue lines) and temperature (orange

lines) radial profiles in units of 10
�22

g cm
�3

and 10
7
K,

respectively. The subscripts “qs” and “disk” refer to time-

averaged quantities during the quasi-steady state (dashed

lines) and the disk phase (solid lines), respectively.

field of the young massive stars keeps the environment
at such temperature.

3. HYDRODYNAMICS: EVOLUTION PHASES

Figure 2 shows density maps illustrating the time evo-
lution of the simulation. Each map corresponds to a
density projection of the full domain along the z-axis,

which is parallel to the line-of-sight, weighted by den-
sity (i.e.,

R
⇢2dz/

R
⇢dz)3. The horizontal and vertical

axes are parallel to right ascension and declination, re-
spectively. Panel a) shows the initial condition of the
simulation at t = �3500 yr. Once the simulation starts,
each star blows a wind, which develops a shock that at
some point ends up colliding with the others (panel b).
Such collisions create dense (⇠10�22 g cm�3), hot ma-
terial (⇠107 K) that fills the entire domain relatively
quickly (⇠500 yr). Notice how complex structures de-
velop in the gas, e.g., the interaction of stellar winds,
instabilities, dense clumps, and bow shocks forming due
to the motion of the stars through the medium. In panel
c) the system has already attained what appears to be
a quasi-steady state like in previous works in which the
simulations end after a time comparable to the evolution
time of panel d) (Cuadra et al. 2008; Ressler et al 2018).
However, in panel g) it is possible to observe an accumu-
lation of material at the center of the domain. Visually,
this material seems to settle into a disk-like structure
around Sgr A*, which is confirmed analyzing the cen-
tral region in detail (see panels g and h). This mate-
rial mainly arises from the disruption of the strong bow
shock generated by the star IRS 33E (panel f). Based
on the appearance of the system we divide its evolution
in three phases: the transient, quasi-steady, and disk
phases.

Figure 3 shows the mass flow rate across a sphere of
radius ⇠5⇥10�4 pc (1.25⇥10�2 arcsec) as a function of
time, highlighting the transition between phases. This
length scale is about two orders of magnitude smaller
than the radius of the disk. In the transient phase the
mass inflow rate increases up to ⇠10�6 M� yr�1 roughly
at t ⇡ �3000 yr. Then, in the quasi-steady phase the
net mass flow rate Ṁnet is variable but permanently in-
flowing and around the same order of magnitude. At
t ⇡ �800 yr the system enters into the disk phase,
whereby the formation and presence of the disk produces
significant changes in both the inflow and outflow mass
flow rates. In general, the net flow remains variable,
but now its amplitude is about one order of magnitude
larger due to the enhancement of the inflow and outflow
rates.

Figure 4 shows the time-averaged density (blue lines)
and temperature (orange lines) radial profiles. The aver-
ages were calculated over the quasi-steady (dashed lines)
and the disk (solid lines) phases. Notice that in the
quasi-steady phase both profiles decay with r�1 in the

3 This quantity helps to highlight the dense gas, which corre-
sponds to the cold material which is most likely to contribute to
the disk formation and the most refined regions of the domain.
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Take a holistic
view of the

Galactic Center
environment 

– what plasma  
profile arises from
surrounding stars? 
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Sgr A* is an extreme low-luminosity black hole  
that challenges our fundamental understanding of accretion

Chandra's combined capabilities of  
high resolution imaging and spectroscopy 

is uniquely capable of capturing Sgr A* in quiescence

Until Lynx, no other telescope can do this

The Chandra HETG spectrum of Sgr A* reveals a  
combined hot and cool plasma environment from

~103–105 rg  (out to and just beyond the Bondi radius), 
and potential velocity structure.


