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Black Hole Shadows by EHT observations
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Emission from the accretion 
flow or jet base.

Magnetic field is dynamically important. 

Significant component of poloidal 
(radial or axial) magnetic field.polarized image
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2020). Both of these are more realistic physical scenarios but
also allow a much larger range of parameter space than we
could fully explore.

We classify the fiducial models as being in either the
magnetically arrested disk (MAD; Narayan et al. 2003) or
standard and normal evolution (SANE; Narayan et al. 2012)
modes. In MAD models the ordered magnetic fields signifi-
cantly affect the dynamics of the flow, episodically halting
accretion onto the black hole, while SANE models have
weaker, more turbulent magnetic fields. Because the dynamical
timescale in Sgr A* is short compared to a night of
observations, it is important to run each model for enough
time to capture the range of spectral and structural variations.
The simulations are typically run for 30,000tg, while some are
run for more than 100,000tg in order to sample a broader
distribution of behavior.

For each time-dependent GRMHD simulation, with an eDF
prescription and inclination with respect to the line of sight, we
calculate a sequence of model images (movies) using ray-
tracing and including synchrotron emission and absorption. We
also calculate spectra including synchrotron emission and
absorption, bremsstrahlung emission, and, using Monte Carlo
methods, Compton scattering. These synthetic data sets are
then used to generate simulated EHT images, as well as
multiwavelength light curves and spectral energy distributions
(SEDs), for comparison with the Sgr A* data described in
Paper II. We scale all images to a benchmark average flux
density of 2.4 Jy at 230 GHz to match the average synchrotron
flux density of Sgr A* (see Paper II; Wielgus et al. 2022).

We evaluate the simulations against three types of observa-
tional constraints: EHT interferometric measurements, emis-
sion at other wavelengths, and variability. The EHT constraints
include (1) a measure of the image size; (2) salient features
from the visibility amplitudes, such as the location of the first
deep minimum; and (3) the diameter, asymmetry, and width of
simplified ring models fitted to well-sampled portions of the
April 7 visibility data. The constraints from other wavelengths

include the flux densities at 86 GHz, 2.2 μm in the NIR, and
X-ray and the major-axis source size at 86 GHz, constrained
from observations with the Global mm-VLBI Array. Finally,
the variability constraints are (1) the fractional 230 GHz
variability on 3 hr timescales, derived from more than a decade
of measurements; and (2) the structural variability of the
source, calculated at a baseline length of 4Gλ after fitting a
parameterized model to the visibility amplitude variation versus
baseline length. See Paper V for the full ranges of tests and
pass/fail conditions.
Compared to M87* Paper V, we explore a larger range of

models and model parameter space, and we also include some
additional observational constraints. These include the degree
of intrinsic variability and the broadband spectral constraints
given above. Accordingly, we find that all our models fail at
least one of the observational constraints. These results indicate
the power of combining interferometric data with other
observational constraints to narrow down the viable physical
parameter space. We now summarize our main results and their
implications for our understanding of Sgr A*’s accretion state
and geometry.
We primarily focus on a set of “fiducial” simulations, which

use aligned (prograde or retrograde) accretion flows and
thermal eDFs defined via the Rhigh prescription. We declare a
model to fully pass a set of constraints only when all GRMHD
simulations with those parameters pass. This approach helps to
ensure that our selection of favored models is resilient to small
variations in the GRMHD simulation choices and software.
Figure 4 summarizes these results.
All edge-on (high inclination) models fail the combined set

of EHT-only constraints for at least one simulation, and almost
all retrograde models (a* < 0) fail. There are two interesting
groupings of models that pass all EHT constraints for all
simulations: both have positive/prograde spin (a* = 0.5, 0.94)
with lower (� 50°) inclination, but some are MAD (10) and
some are SANE (8). With only∼ 10% pass rate for all models,
it is clear that EHT imaging data alone are capable of strongly

Figure 4. Summary of constraints on our 200 fiducial GRMHD simulations. Color indicates combined EHT constraints apart from structural or flux variability, and
hatching indicates combined non-EHT constraints. For each constraint category and parameter combination, we delineate whether all of the three simulation codes run
with those parameters pass, whether only some pass, or whether none pass. These exclusions leave only two models, each a MAD with prograde spin, 30° inclination,
and Rhigh = 160. For details, see Paper V.
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Accretion Flows around Sgr A*

• Most likely a MAD with prograde spin, 30° inclination.
• MAD models show a strong jet from the black hole.



Is There A Jet in Sgr A*?

Sgr A* X-ray and radio composite image
Credit: Chandra X-ray Observatory

• MAD flows produce a strong relativistic jet, e.g., M 87* 
(EHTC 19, 21, 22, 24).

• There is no clear evidence of a strong jet around Sgr 
A*(Royster+ 19, Yusef-Zadeh+ 20).

• Flow around Sgr A* may be different from flows in M 87*

Multi-wavelength observation of M87 Jet



Flares from Sgr A*

• Hotspot (toy model)
• Low-angular momentum flow (Un. Explored)

• Flux eruption of MAD (e.g., Porth, YM, 
Fromm 21)

• Plasmoid chain / Flux rope (e.g., 
Jiang, YM et al. 24, 25)

GRAVITY observations (GRAVITY Collaboration 2018, 2023)



What Does Angular Momentum Do?
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𝜆 = 𝜆!"#

𝜆 = 0

Shakura & Sunyaev (1973), Novikov & Thorne (1973)

Hoyle & Lyttleton (1941),
Bondi (1952)

Intermediate 𝜆 > 𝜆!" but 𝜆 < 𝜆#$%
e.g., Fishbone & Moncrief (1976), 
Font & Daigne (2002)

Radiative efficient 

Radiative (very) inefficient 

Low-angular momentum flow is one of the options to 
explore Sgr A* (Ressler+ 23).



What Does Angular Momentum Do?
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Intermediate 𝜆 < 𝜆!" ; 𝜆 < 𝜆&'1. Semi-analytic investigations show different 
types of accretion solutions around black holes.

Initial setup for our study (Dihingia & YM 2024)

2. We modify Fishbone 
& Moncrief (1976) torus 
to accommodate low-
angular momentum 
flow. 

3. Perform GRMHD
simulations.

𝑟!" = 6, 𝑟#$% = 15.0

𝑢& = ℱ𝑢'(
&

Angular momentum

Energy

a*=0.94

𝜆!" = 2.5,
𝜆!# = 2.3752



Timing Properties
1. We find quasi-steady accretion solutions 
for low-angular momentum flow.

2. The accretion flow changes drastically 
with the increase in angular momentum.

𝛿𝑚
·
/𝑚
·

Dihingia & YM (2024)
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Mass accretion rate

Magnetic flux rate

Measured at horizon



Flow Properties

39%𝜆#) 58%𝜆#) 97%𝜆#) 193%𝜆#)

𝜌

Very low-angular momentum:
𝜌 ∝ 𝑟$%/' and 𝑝( ∝ 𝑟$)/%

Intermediate angular momentum (MAD Like):
𝜌 ∝ 𝑟$* and 𝑝( ∝ 𝑟$+/,

High angular momentum:
𝜌 ∝ 𝑟- and 𝑝( ∝ 𝑟$%/,

M=v/a_s
Sonic point

Dihingia & YM (2024) 13

Radial distr. averaged quantities

density

Gas pressure

temperature



Flow Properties

39%𝜆./ 58%𝜆./ 97%𝜆./ 193%𝜆./

𝜌

−
𝑔𝜌
𝑢0

Spiral arm in the intermediate angular momentum range could be possible source of the flares. 

density

Mass 
flux



Tune the Angular Momentum

58%𝜆!" 56.7%𝜆!" 59%𝜆!"

56.8%𝜆!" 60.1%𝜆!"57.9%𝜆!" 60.1%𝜆!"

• In some cases, coherent oscillations can be seen in the accretion rate at the event 
horizon.

Oscillations die out quickly as the radii is 
shifted outwards.

For coherent oscillations, we need to tune 
the angular momentum very precisely.

F: fraction of Keplerian angular momentum Dihingia & YM (2025)



Inner Flow Changes from Angular Momentum

shock

• The inner accretion structure changes drastically with angular 
momentum. We observe the formation of a pseudo-surface (PS) for a 
certain range of angular momentum.

• PS oscillates when the resonance condition is satisfied. For certain 
angular momentum, we observe formation of shocks.

Dihingia & YM (2025)

density

19.3%𝜆./ 58%𝜆./ 87%𝜆./ 92.8%𝜆./ 96.7%𝜆./



cHz QPOs in SMBHs
• We see very high-quality peaks in the power 

density spectra of mass accretion rate, 
i.e., QPOs can be seen.

• The range can be in centi-Hertz (cHz) and 
beyond (for SMBH).

• The same resonance condition can be seen 
for different spin parameters.

• Peak frequency changes for different angular 
momentum.

F: fraction of Keplerian angular momentum Dihingia & YM (2025)



Detectability of cHz QPOs

Intensity at 230GHz

Linear polarization

Mass accretion rate

• Perform GRRT calculation
• We can not see the oscillations in the 

intensity
• But linear polarisation shows correlations 

with the oscillations.
• Future high-resolution polarisation survey 

will be a game changer for the detection of 
cHz QPOs from supermassive black holes.

• For BH-XRBs, we can see them in kHz in X-
rays.

• e.g., IXPE (US), PolSat (India), eXTP (China)

Dihingia & YM (2025)



Summary
• Although it generates the flaring events, MAD flows produce a strong jet that may not 

be the actual behaviour of Sgr A*
• Our setup was able to simulate low-angular momentum GRMHD flow without a very 

complex setup (Ressler+18, Olivares+23).  
• Accretion flow with an intermediate range of angular momentum has similar properties 

to MAD but without a jet. 
• Intermediate angular momentum flow could provide a possible solution to explain the 

complex observation features of the supermassive black hole Sgr A* at our galactic 
center.

• Low angular momentum accretion flow can produce stable, centi-Hertz QPOs with clear 
2:1 harmonics.

• While intensity variations are redshifted away, the QPOs imprint on linear polarization at 
230 GHz


