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A B S T R A C T 

In general relativistic magnetohydrodynamic (GRMHD) simulations, accreted magnetic flux on the black hole horizon 

episodically decays, during which magnetic reconnection heats up the plasma near the horizon, potentially powering high- 

energy flares like those observed in M87 ∗ and Sgr A ∗. We study the mm observational counterparts of such flaring episodes 

in very high resolution GRMHD simulations. The change in 230 GHz flux during the expected high energy flares depends 

primarily on the efficiency of accelerating γ � 100 ( T e � 10 
11 K) electrons. For models in which the electrons are heated to 

T e ∼ 10 
11 K during flares, the hot plasma produced by reconnection significantly enhances 230 GHz emission and increases 

the size of the 230 GHz image. By contrast, for models in which the electrons are heated to higher temperatures (which we 

argue are better moti v ated), the reconnection-heated plasma is too hot to produce significant 230 GHz synchrotron emission, 

and the 230 GHz flux decreases during high energy flares. We do not find a significant change in the mm polarization during 

flares as long as the emission is Faraday thin. We also present expectations for the ring-shaped image as observed by the Event 

Horizon Telescope during flares, as well as multiwavelength synchrotron spectra. Our results highlight several limitations of 

standard post-processing prescriptions for the electron temperature in GRMHD simulations. We also discuss the implications 

of our results for current and future observations of flares in Sgr A ∗, M87 ∗, and related systems. Appendices contain detailed 

convergence studies with respect to resolution and plasma magnetization. 
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1  I N T RO D U C T I O N  

Black holes are often surrounded by accretion discs with relativis- 

tic jets emitting at a range of wavelengths from radio to γ -ray 

(e.g. Narayan & Quataert 2005 ; Yuan & Narayan 2014 ; Davis & 

Tchekhovsk o y 2020 ). In addition to quasi-steady emission, bright 

X-ray and γ -ray flares (e.g. Harris et al. 2011 ; Abramowski et al. 

2012 ) are observed from low luminosity active galactic nuclei such 

as M87 ∗. Sgr A ∗ exhibits analogous flaring in the infrared (IR) and 

X-ray (e.g. Yusef-Zadeh et al. 2009 , 2010 ; Trap et al. 2011 ; Fazio 

et al. 2018 ). 

The mechanism of such high energy flares is not fully un- 

derstood. In magnetically arrested disc (MAD) models (Igumen- 

shche v, Narayan & Abramo wicz 2003 ; Narayan, Igumenshche v & 

Abramowicz 2003 ; Tchekhovsk o y, Narayan & McKinney 2011 ) 

episodic dissipation of magnetic energy near the horizon is a key 

� E-mail: hejia@princeton.edu (HJ); quataert@princeton.edu (EQ) 
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dynamical feature of the accretion flow: magnetic flux and magnetic 

energy build-up on the black hole horizon until they become strong 

enough to suppress accretion. Instabilities (e.g. magnetic Rayleigh–

Taylor) and reconnection then set in episodically (in ‘flux eruptions’), 

regulating the amount of magnetic flux and energy stored near 

the black hole. The electromagnetic energy released through this 

reconnection is a promising source of observed flares from black 

holes (Dodds-Eden et al. 2010 ; Dexter et al. 2020 ; Chatterjee et al. 

2021 ; Porth et al. 2021 ; Chatterjee & Narayan 2022 ; Hakobyan, 

Ripperda & Philippov 2023 ; Ripperda et al. 2022 ; Scepi, Dexter & 

Begelman 2022 ). 

Using very long baseline interferometry (VLBI) observations 

at 230 GHz, the Event Horizon Telescope (EHT) Collaboration 

presented the first images of the plasma around the supermas- 

sive black holes in M87 ∗ (Event Horizon Telescope Collaboration 

2019a ) and Sgr A ∗ (Event Horizon Telescope Collaboration 2022a ). 

For M87, the polarization maps have also been released (Event 

Horizon Telescope Collaboration 2021a ). For M87 ∗ in particular, 

the observations generally fa v our MAD models. For Sgr A ∗, the 

observational situation is less clear as no model is consistent with all 
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the observations (Event Horizon Telescope Collaboration 2022b ), but 

theoretical models of the fueling of Sgr A 
∗ by stellar winds predict 

that the flow becomes magnetically arrested in the inner accretion 

region (Ressler et al. 2020 ). Numerical models also suggest that the 

episodic magnetic flux eruptions in MAD models can explain many 

aspects of the episodic infrared and X-ray flares observed in Sgr A ∗. 

In particular, Dexter et al. ( 2020 ) and Porth et al. ( 2021 ) showed that 

such models can qualitativ ely e xplain the motion of the IR centre-of- 

light and rotation in the linear polarization direction seen by the VLT 

interferometer GRAVITY during IR flares from Sgr A ∗ (GRAVITY 

Collaboration 2018 ). 

It is not clear how horizon-scale observables accessible to EHT 

will change during the magnetic flux eruptions characteristic of 

MAD models. If the magnetic flux eruptions indeed drive high- 

energy flares in Sgr A ∗, M87 ∗, and other systems, connecting the 

mm observables to higher energy observables will be a key test of 

theoretical models. In this paper, we aim to bridge this gap and study 

multiwavelength observational signatures of flux eruptions, with a 

focus on the relation between 230 GHz EHT observables and higher 

energy radiation. Throughout this paper, we will refer to the flux 

eruptions interchangeably as ‘flares’ by which we specifically mean 

high-energy flares. We explain our moti v ation for this identification 

in more detail in Section 3 but we also stress that this identification 

has not yet been conclusively established and more work directly 

predicting the high energy radiation from simulations is necessary to 

do so. 

The remainder of this paper is organized as follows. The method- 

ology and numerical techniques are presented in Section 2 . We 

present 230 GHz light curves in Section 3 , 230 GHz polarized 

images in Section 4 , and synchrotron emission spectra in Section 5 . 

We conclude in Section 6 with a discussion on the appearance of 

flux eruptions at millimeter wavelengths, under which conditions the 

millimeter emission brightens or dims during high-energy flares, 

and how modelling the emission can be further impro v ed. The 

Appendices contain detailed convergence studies with respect to 

resolution and plasma magnetization (see Section 2 for a brief 

summary). 

2  M E T H O D O L O G Y  

Recently, Ripperda et al. ( 2022 ) conducted high resolution (dubbed 

extreme resolution in their paper) general relativistic magnetohydro- 

dynamic (GRMHD) simulations, which for the first time captured 

plasmoid-mediated reconnection in a 3D magnetically arrested disc, 

during the episodic magnetic flux eruptions. The simulations employ 

static mesh refinement (SMR) for spherical Kerr–Schild coordinates 

r , θ , φ describing a Kerr black hole with dimensionless spin a = 

0.9375 on a numerical grid with resolution N r × N θ × N φ = 

5376 × 2304 × 2304. The radial domain is fixed to [1 . 2 , 2000] r g . 

The GRMHD equations are integrated until 10000 r g /c. A ceiling is 

enforced to maintain σ ≤ σ floor = 25, where the magnetization σ is 

defined using the magnetic field strength b co-moving with the fluid, 

and fluid-frame rest-mass density ρ, 

σ ≡ b 2 / (4 πρc 2 ) . (1) 

A pure ionized hydrogen composition is assumed, and the equation of 

state is that of an ideal gas with an adiabatic index of ˆ γ = 13 / 9. 

The simulation is initialized to reach a MAD state, showing large 

periods of accretion where magnetic flux piles up on the horizon and 

quasi-periodic short flux eruptions where magnetic energy dissipates 

through magnetic reconnection. This dissipated magnetic energy can 

heat the plasma and potentially power multiwavelength flares. 

GRMHD simulations do not predict the electron temperature 

which is required for calculating synchrotron emission. We use 

the following R high − R low model motivated by phenomenological 

considerations (Mo ́scibrodzka, Falcke & Shiokawa 2016 ) to compute 

the electron temperature from GRMHD fluid pressure p , density ρ, 

and plasma β, 

T e = 
2 T fluid 

1 + R 
, where 

T fluid ≡
m p p 

2 k B ρ
, 

R ≡
T p 

T e 
= 

β2 

1 + β2 
R high + 

1 

1 + β2 
R low , 

β ≡
8 πp 

B 2 
. (2) 

Note that larger R models have smaller T e / T fluid , and vice versa. In 

our modelling, we assume fixed R high and R low , although in reality the 

relation between T e and T fluid is more complicated and could well be 

time and/or space-dependent. Indeed, we shall see that our analysis 

of the simulated mm variability during a magnetic flux eruption 

highlights that it is sensitive to the possibility of temporal and/or 

spatial variability of T e / T fluid . This implies that standard R high –R low 

post-processing prescriptions are limited in their ability to predict 

the variability associated with the distinctive magnetic flux eruptions 

present in MAD models. 

Our calculations only include synchrotron emission from thermal 

electrons; while this is likely reasonable for the 230 GHz modelling 

in Sections 3 and 4 , at higher frequencies non-thermal electrons and 

inverse Compton emission become more important, so our spectral 

modelling results in Section 5 likely represents lower limits to higher 

frequency emission instead of quantitatively precise predictions. 

We generate ray tracing images from the GRMHD data with the 

blacklight code (White 2022 ), which integrates the radiation 

transfer equations along geodesics to obtain the observed intensity 

and polarization maps. 1 We ignore the plasma outside 105 r g where 

the emission is negligible at the wavelengths studied in this paper. 

The spatial resolution of the GRMHD data is reduced by a factor of 

4 × 4 × 4, i.e. only one of four successive points along each spatial 

dimension is kept, to speed up ray tracing computation. We also 

ignore the region with σ > σ cut , where the temperature is not reliable 

since the plasma may be go v erned by the advection of injected density 

and pressure due to the sigma ceiling ( σ floor = 25); we choose σ cut = 

1 in Sections 3 and 4 , and σ cut = 10 in Section 5 since at higher 

frequencies the emission may be dominated by σ ∼ σ cut regions. 2 

We explore the convergence of our results with respect to the choice 

of GRMHD resolution and σ cut in Appendix A . The convergence 

with respect to both GRMHD resolution and σ cut depends on both 

the frequency of the radiation and the assumed mapping between 

electron temperature and GRMHD fluid temperature, but standard 

resolution ( ∼256 3 ) GRMHD simulations and σ cut ∼ 1 are likely 

adequate for most of current EHT analyses. Models with R � 100 

are well-converged at 230 GHz while models with R � 100 show 

1 We adopt the fast light approximation which assumes that the speed of 

light is infinite. This should be fine for our purposes as we mainly study the 

evolution of emission on the time-scale of O(10 2 ) M . 
2 While both σ floor and σ cut represent a ceiling for the plasma magnetization 

σ , in this paper σ floor stands for the numerical floor applied in the GRMHD 

simulation, while σ cut represents the cutoff applied during ray tracing 

computation. Note that in reality, σ in the magnetospheric and jet regions 

is likely much higher than the value σ floor used in GRMHD simulations. 
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some weak dependence on both resolution and σ cut . All models 

show some dependence on σ cut for higher energy radiation because 

the high σ regions tend to have high temperatures in our models, 

which mostly emit higher frequency synchrotron radiation. 

We choose M87 ∗ parameters for ray tracing, with black hole mass 

M = 6 . 5 × 10 9 M � and distance D = 16 . 8 Mpc (Blakeslee et al. 

2009 ; Bird et al. 2010 ; Cantiello et al. 2018 ), since the spatially 

resolved intensity and polarization in M87 ∗ are better constrained 

by EHT data than Sgr A ∗. Ho we ver, our results on the evolution of 

the 230 GHz emission during flux eruptions are generic and apply to 

Sgr A ∗ as well. We will discuss the application to Sgr A ∗ in more 

detail in Section 6 . In our ray tracing calculations, the camera is 

located at r 0 = 100 r g , θ0 = 163 ◦ (Mertens et al. 2016 ), and φ0 = 

0 ◦, while the approaching jet has a position angle of 288 ◦ (Walker 

et al. 2018 ), pointing towards the right and slightly up in the images. 

Since the disc structure of a MAD during a flux eruption is highly 

non-axisymmetric, the corresponding ray-traced image depends on 

the azimuthal position of the camera. Ho we ver, this dependence is 

relatively weak for the low inclination case of M87 ∗ (see Gelles 

et al. 2022 for more details), and therefore, our results for φ0 = 

0 ◦ should hold for other φ0 . Since (ideal) GRMHD simulations 

are dimensionless, the normalization factor between code units and 

physical units needs to be set using the observed flux of emission. 

Unless otherwise specified, the o v erall density in the simulation is 

normalized such that the averaged 230 GHz flux equals 0.66 Jy 

(Event Horizon Telescope Collaboration 2019b ). All the plots in this 

paper showing the evolution with time are smoothed by a moving 

average with a window of 150 M (15 snapshots), so that the general 

trends are more clearly presented. 

In order to quantify the variability of the predicted images between 

quiescent and flare states, we compute the following statistics for the 

230 GHz images blurred with a 20 μas Gaussian kernel, similar 

to those used in EHT analysis (Chael et al. 2018 ; Event Horizon 

Telescope Collaboration 2019b , 2021b ); see section 2 of Jia et al. 

( 2022 ) for more details about how these quantities are measured 

from the images. 

(i) The ring diameter d , determined by the average of peak 

intensity along different directions of the ring. 

(ii) The ring width w, defined as the full width half maximum 

(FWHM) of the intensity map, averaged over different directions. 

(iii) The ring orientation η and degree of asymmetry A , 

η = 

〈

Arg 

[
∫ 2 π

0 

I ( θ ) e iθ d θ

]〉

r∈ [ r in ,r out ] 

, (3) 

A = 

〈 
∣

∣

∣

∫ 2 π
0 I ( θ ) e iθ d θ

∣

∣

∣

∫ 2 π
0 I ( θ )d θ

〉 

r∈ [ r in ,r out ] 

, (4) 

where r in and r out are the radii where the intensity drops to half of 

the peak value along that direction. 

(iv) The fractional central brightness f C , 

f C = 
〈 I ( r, θ ) 〉 θ∈ [ 0 , 2 π] , r∈ [ 0 , 5 μas ] 

〈 I (d / 2 , θ ) 〉 θ∈ [ 0 , 2 π] 

. (5) 

(v) The pix el-lev el image-av eraged linear polarization fraction, 

〈 | m | 〉 = 

∑ 

i 

√ 
Q 

2 
i + U 

2 
i 

∑ 

i I i 
, (6) 

where the Stokes I, Q , and U are summed o v er all the pixels and 

snapshots. 

(vi) The βm polarization statistics (Palumbo, Wong & Prather 

2020 ) defined in polar coordinates ( ρ, φ) of the image plane, 

βm = 
1 

I ann 

∫ ρmax 

ρmin 

∫ 2 π

0 

( Q + i U) e −imφρd φd ρ, (7) 

where we take m = 2, ρmin = 0, ρmax → ∞ , and I ann is the total 

intensity flux between ρmin and ρmax . Note that β2 quantifies the 

orientation of the polarization and is widely used to constrain the 

magnetic field structure around the black hole (see equations 9 and 

10 and the discussions therein). 

3  L I G H T  CU RV ES  AT  2 3 0  G H Z  

In this section, we study the observational signatures of the flare state 

in 230 GHz light curves. As argued in Ripperda et al. ( 2022 ), the 

dissipation of the jet’s magnetic energy through transient reconnec- 

tion events near the event horizon is a possible mechanism to power 

observed flares from black holes. We find three major energetic re- 

connection events between t = 5000 M and t = 10 000 M , indicated by 

the decay of the magnetic flux ˜ φhorizon ≡ 1 
2 

∫ 2 π
0 

∫ π
0 

∣

∣

∗F 
rt 
∣

∣

√ 
−g d θd φ

on the horizon, which are highlighted by the grey bands in the left- 

hand panel of Fig. 1 . In the right-hand panel, we confirm that the 

maximum fluid temperature (defined in equation 2 ) does increase 

when magnetic reconnection happens, due to the electromagnetic 

energy converted to heat by the reconnection. Note that the plasma 

was modelled as a single-temperature thermal fluid in the GRMHD 

simulation, whereas it is very likely that the electrons around realistic 

black holes are non-thermal and have a different energy distribution 

than the protons (e.g. Chael, Narayan & Sadowski 2017 ). Therefore, 

the maximum electron energy is likely larger than that associated 

with the maximum temperature shown in Fig. 1 . Indeed, according 

to Sironi & Spitko vsk y ( 2014 ) and Hakobyan et al. ( 2023 ), particle 

acceleration in reconnection at high σ is particularly efficient in 

that a large fraction of the dissipated energy ends up in high 

energy particles. In addition, the high energy particles cool rapidly 

by synchrotron radiation so high energy flares appear likely if 

reconnection is sourced by highly magnetized plasma, as suggested 

by GRMHD simulations. Thus we are moti v ated to refer to magnetic 

flux eruptions as flares throughout this paper. Here, we will use T max 

as a proxy for the high energy emission, since direct, self-consistent 

modelling of the X-ray or γ -ray light curves is beyond the scope 

of this work. We note that T max ∼ σ floor depends directly on the 

magnetization in the jet, which is set by σ floor = 25 in our GRMHD 

simulation. We will discuss the implications of σ floor being much 

smaller than realistic values in Section 6 . 

Fig. 2 visualizes equatorial density and temperature fields for the 

t = 9113 M pre-flare quiescent, t = 9378 M mid-flare, and t = 9643 M 

post-flare quiescent states (labeled in Fig. 1 ). In the t = 9378 M mid- 

flare state, we see reconnection-heated hot � 5 × 10 12 K plasma 

out to ∼15 r g . How does the 230 GHz emission change during the 

high energy flares? In the left-hand panel of Fig. 3 , we plot the 

230 GHz light curves for six electron temperature models that are 

similar to those used in EHT analysis (Event Horizon Telescope 

Collaboration 2019c ). We find two different patterns of 230 GHz 

light curves, depending on the T e model. For all but the lowest 

electron temperature model R = R high = R low = 100, there is a 

strong correlation between ˜ φhorizon and 230 GHz emission: as ˜ φhorizon 

drops during the flares, the 230 GHz flux also reduces by up to 

80 per cent, in contrast to the expected brightening at higher energy 

bands. With R = 100, ho we ver, the synchrotron flux at 230 GHz 

increases simultaneously with − d ̃  φ horizon / d t (and therefore T max ), 
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Figure 1. GRMHD fluid properties as a function of time, smoothed by a moving average with a window of 150 M . Left : the magnetic flux on the black hole 

horizon ˜ φhorizon ≡ 1 
2 

∫ 2 π
0 

∫ π
0 

∣

∣

∗F rt 
∣

∣

√ 
−g d θd φ. Right : the maximum fluid temperature o v er the whole GRMHD grid, which is used as a proxy for the amount of 

heated/accelerated plasma. The grey bands indicate the three major magnetic-flux decay states. We use the correlation between T max and − d ̃  φ horizon / d t during 

flux eruptions as a proxy for the timing of high energy flares in systems like M87 ∗ and Sgr A ∗: the energy released by reconnection heats up the plasma during 

the magnetic flux decay. Note ho we ver, that in reality, σ � σ floor in the jet and the temperature increase due to flux eruptions may be much larger than shown 

here (and regulated by strong radiative cooling). We also find a similar trend of increasing temperature during magnetic flux decay for the 90 and 99 per cent 

percentiles of T fluid . 

Figure 2. Equatorial slices of density and temperature in the GRMHD simulation for the pre-flare, mid-flare, and post-flare snapshots. The x ′ − y ′ coordinates 

are rotated to match the ray tracing images in Fig. 5 . We av erage o v er the fluid between ±15 ◦ from the midplane to capture the structures that are not exactly 

on the midplane, while for T fluid the average is weighted by n e . The normalization of n e is set based on the 230 GHz flux of R = 1 model, which is 4 . 88 (156) 

times larger if we use R = 10 (100) instead of R = 1. 

meaning that the high energy flare would be accompanied by a 

230 GHz counterpart. 

In the right-hand panel of Fig. 3 , we calculate the 230 GHz flux 

with different R = R low = R high between 1 and 500 for the three 

times identified in Fig. 1 and shown in Fig. 2 . Since here we want to 

compare the relative strength of emission at the three times, we adjust 

the density normalization such that the 230 GHz flux at t = 9643 M 

is fixed to 0.2Jy for all the models. This facilitates easy comparison 

of the pre- and mid-flare emission relative to the post-flare emission 

(note that this normalization choice is such that the time-averaged 

230 GHz flux for the R = 1 model is the fiducial 0.66 Jy). We find 

similar results as the left-hand panel of Fig. 3 : with smaller R � 

20, the 230 GHz flux drops monotonically as ˜ φhorizon decays. On the 

other hand, when R � 20, the 230 GHz flux of t = 9378 M mid-flare 

state exceeds the t = 9113 M pre-flare state: the flare dimming at 

230 GHz with small R models eventually turns into flare brightening 

with large R models, in accordance with the light-curve predictions 

in the left-hand panel of Fig. 3 . 

The numerical results in Fig. 3 can also be understood analytically 

using the well-understood properties of synchrotron emission; we 

assume optically thin emission in what follows. Plasma with dimen- 

sionless temperature θ e = kT e / m e c 
2 = 10 θ10 , i.e. T e � 6 × 10 10 θ10 K 
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Figure 3. The evolution of 230 GHz flux with different electron temperature models. Left : the 230 GHz flux as a function of time, smoothed by a moving 

average with a window of 150 M , with the legend indicating ( R low , R high ). Right : the 230 GHz flux at the beginning, midpoint and end of a flux decay state, as 

a function of R = R low = R high . Here, we adjust the density normalization for each R such that the post-flare flux at t = 9643 M is fixed to 0.2 Jy (this is the 

230 GHz flux for the R = 1 model at this time when the density normalization is chosen so that the time-averaged 230 GHz flux equals to 0.66 Jy), to highlight 

how the flux evolution during the flare depends on electron temperature model. Dimming at 230 GHz occurs with R ≡ T p / T e � 20 while we see a brightening 

and then fading for R � 20. 

Table 1. Where does the majority of the emission come from? For each fluid quantity x , we find x low such that if we ignore the region with x > x low , the total 

230 GHz flux drops to 15 per cent of the total value, and similarly for x high .The region with x ∈ ( x low , x high ) thus contributes 70 per cent of the flux, in the limit 

of ne gligible absorption. F or the latitude ˜ θ , we only reports | ̃ θ | high since most of the emission comes from the equatorial disc. Note that n e and B depends on the 

density normalization factor between physical and simulation units, which is 4 . 88 (156) times larger for R = 10 (100) compared with R = 1. 

t / M ( R low , R high ) ( n e,low , n e,high )/cm −3 ( T e,low , T e,high )/K ( β low , βhigh ) ( B low , B high )/G ( r min , r max )/ r g | ̃ θ | high / 
◦

9113 (1, 1) (2.96 × 10 3 , 2.53 × 10 4 ) (1.94 × 10 11 , 5.87 × 10 11 ) (0.29, 3.47) (2.26, 8.65) (2.99, 6.58) 15.3 

(10, 10) (2.29 × 10 4 , 2.07 × 10 5 ) (6.29 × 10 10 , 2.24 × 10 11 ) (0.32, 4.65) (8.66, 31.1) (2.26, 4.60) 14.3 

(100, 100) (4.13 × 10 5 , 9.25 × 10 6 ) (9.25 × 10 9 , 9.49 × 10 10 ) (0.30, 14.8) (50.2, 258) (1.81, 4.34) 15.8 

9378 (1, 1) (6.50 × 10 2 , 1.53 × 10 4 ) (2.31 × 10 11 , 7.32 × 10 11 ) (0.44, 3.88) (1.21, 5.55) (3.11, 9.06) 23.9 

(10, 10) (1.49 × 10 3 , 8.38 × 10 4 ) (8.18 × 10 10 , 3.76 × 10 11 ) (0.54, 4.39) (2.80, 17.8) (2.59, 7.79) 22.6 

(100, 100) (4.08 × 10 3 , 3.05 × 10 5 ) (3.38 × 10 10 , 1.92 × 10 11 ) (1.11, 10.1) (6.29, 51.3) (3.32, 15.2) 33.2 

9643 (1, 1) (9.66 × 10 2 , 9.00 × 10 3 ) (1.85 × 10 11 , 5.74 × 10 11 ) (0.32, 3.50) (1.24, 4.95) (2.93, 7.63) 23.7 

(10, 10) (9.56 × 10 3 , 6.13 × 10 4 ) (7.17 × 10 10 , 2.02 × 10 11 ) (0.41, 3.40) (5.32, 17.4) (2.23, 4.36) 14.2 

(100, 100) (2.25 × 10 5 , 2.10 × 10 6 ) (1.48 × 10 10 , 6.40 × 10 10 ) (0.53, 5.01) (35.8, 125) (1.88, 3.78) 14.3 

in a magnetic field of strength B = 10 B 10 G emits synchrotron most 

efficiently, i.e. the emissivity νj ν peaks, at a frequency 

νpeak ∼ 5 
eB 

m e c 
θ e 

2 � 90 B 10 θ
2 
10 GHz . (8) 

For ν � νpeak , the synchrotron emission scales with plasma pa- 

rameters as j ν ∝ nB 
3 / 4 θ e 

−1 / 2 . This shows that for high electron 

temperature models in which mm observations are at νobs = 230 GHz 

� νpeak , the emission at 230 GHz will decrease with the increasing 

electron temperature during a flux eruption, as seen in the lower R 

models in Fig. 3 . For ν � νpeak , on the other hand, as is the case in 

models with lower electron temperatures, the synchrotron emission 

scales with plasma parameters as j ν ∝ nθ e 
−2 exp [ −5 . 5( ν/νpeak ) 

1 / 3 ]. 

The exponential dependence on T e 
−2 / 3 implies that when the electron 

temperature is low the emission at 230 GHz increases with increas- 

ing electron temperature. The mm synchrotron emission will thus 

increase during a flux eruption, as seen in the higher R models in Fig. 

3 . More generally, synchrotron emission at 230 GHz is particularly 

sensitive to electrons with temperatures corresponding to emission at 

νpeak ∼ 230 GHz, i.e. θ e � 16 B 
−1 / 2 
10 . During a flux eruption whether 

the mm synchrotron flux increases or decreases thus depends on the 

details of electron heating for plasma with T e � 10 11 K (which is 

much less than the characteristic fluid temperatures reached during 

the eruption in GRMHD simulations; see Fig. 2 ). 

To better understand the dependence of the 230 GHz light curves 

on the electron temperature models, we ray-trace with various cuts 

(i.e. ignore certain regions of plasma based on different fluid quan- 

tities) to identify the characteristic fluid quantities in the emission 

region; we find the lower and upper bounds for the fluid quantities 

that are responsible for the majority of the emission, and list the 

results in Table 1 . While the characteristic electron temperature 

T e becomes lower for larger R models, the characteristic fluid 

temperature T fluid actually increases with R (see equation 2 ). Roughly 

speaking, for R = 1, 10, and 100, the characteristic T fluid for 230 GHz 

emission is approximately 4 × 10 11 , 8 × 10 11 , and 4 × 10 12 K, 

respectively, which does not change significantly between the snap- 

shots. Therefore, for different R models the 230 GHz emission comes 

from different parts of the accretion flow (which we will specify 

further next) with different T fluid , and thus may have different time 

evolution. 

In the left-hand panel of Fig. 4 , we plot the relative plasma mass 

within different log 10 T fluid bins for the three snapshots. The t = 

9378 M mid-flare state has the most high temperature T fluid � 2 ×
10 12 K plasma, due to the energy released by reconnection in the 

equatorial current sheet, which is consistent with the right-hand panel 

of Fig. 1 where we use T max as a proxy of the mass of high temperature 

plasma. On the other hand, the mass of intermediate temperature 

7 × 10 10 K � T fluid � 2 × 10 12 K plasma keeps decreasing during 

the flare state, which we attribute to the e v acuation of the inner 
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Figure 4. The T fluid distribution of the plasma in the pre-flare t = 9113 M , mid-flare t = 9378 M , and post-flare t = 9643 M snapshots (see the left-hand panel of 

Fig. 1 ). We only include the region with r < 20, latitude 
∣

∣ ˜ θ
∣

∣ < 60 ◦, which is responsible for the majority of 230 GHz emission according to Table 1 . Left : using 

σ cut = 1, we show the relative mass of plasma in each bin normalized by the maximum value among the three snapshots. The mid-flare t = 9378 M state has the 

highest temperature T fluid � 2 × 10 12 K plasma, while the pre-flare t = 9113 M state has the most intermediate temperature 7 × 10 10 K � T fluid � 2 × 10 12 K 

plasma. The synchrotron emission at 230 GHz is dominated by plasma with T e ∼ 10 11 K. The red and blue bands show the characteristic GRMHD fluid 

temperature associated with this synchrotron-emitting plasma for R ≡ T p / T e = 1 and 100, respectively. High electron temperature models (e.g. R = 1) produce 

230 GHz dimming during flux eruptions (Fig. 3 ) because the plasma is too hot to radiate ef fecti vely at 230 GHz; by contrast, low electron temperature models 

( R = 100) brighten during flux eruptions because the high T fluid � 2 × 10 12 K plasma has lower T e compared with other electron temperature models and thus 

radiates efficiently at 230 GHz. Right : we show the ratio of the total plasma mass with σ cut = 1 to the total plasma mass with σ cut = 10. Higher temperature 

T fluid � 5 × 10 12 K regions are more likely to have larger σ ∼ σ cut . Therefore, ray tracing images with higher R � 100 are more sensitive to the choice of σ cut 

(Section A2 ). 

accretion disc (see fig. 1 of Ripperda et al. 2022 ). We also show the 

characteristic T fluid for 230 GHz emission for R = 1 and 100 with 

the red and blue bands, defined as the range of T fluid in which the 

230 GHz synchrotron emissivity is larger than half of the peak value 

o v er all T fluid , assuming B = 20 G and fixed n e . The locations of red 

and blue bands mo v e somewhat if we choose e.g. B = 5 G or 50 G; 

this does not, ho we ver, change our main conclusions. 

The left-hand panel of Fig. 4 elucidates the strong connection 

between the electron temperature model and the correlation or 

anticorrelation of the mm synchrotron flux with the magnetic flux 

eruption. For electron temperature models with R ∼ 1–10 the high 

temperature plasma created during the flux eruption does not radiate 

ef fecti vely at 230 GHz which is why the flux eruption is accompanied 

by a decreasing 230 GHz flux. By contrast, for electron temperature 

models with R ∼ 30–100, the high T fluid plasma has just the right 

electron temperature to emit significantly at 230 GHz. This is why 

the flux eruption is accompanied by an increased 230 GHz flux in 

higher R electron models. 

The right-hand panel of Fig. 4 shows the ratio of the total plasma 

mass with σ cut = 1 to the total plasma mass with σ cut = 10. The 

regions with trans-relativistic σ ∼ σ cut usually also have higher 

T fluid , so one would expect that ray tracing calculations at higher 

frequencies or with lower electron temperature models (with large R 

in equation 2 ), for which the emission is from the regions with higher 

T fluid , are more sensitive to the choice of σ cut . This is consistent with 

our convergence calculations in Appendix A2 . 

4  IMAG ES  AT  2 3 0  G H Z  

We show the intensity and polarization maps for three T e models and 

the three typical snapshots in Figs 5 and 6 . 3 For simplicity, we present 

three models with R low = R high , while we find that the images with 

3 We note that the polarization ticks in figs 5, 7, and 11 of Jia et al. ( 2022 ) 

are not correctly plotted, although their quantitative results for the m and β2 

statistics are not affected by this issue. 

R low < R high are generally similar to images with R low = R high = R 
∗

where the ef fecti ve R 
∗ lies between R low and R high . Note that the R = 

100 model mid-flare ( t = 9378 M ) image is approximately 4 times 

larger than the other panels in terms of area. 

As with the light curves, we find two different regimes for 230 GHz 

images depending on the electron temperature model. For higher 

T e models with R = 1 or 10, we only see a steady decline of the 

230 GHz flux, but the ring morphology does not change much during 

the flares. As R increases, the quiescent state emission tends to mo v e 

inwards, as the 230 GHz emission for larger R models comes from the 

region with lower T e but higher T fluid . With R = 100, the flare image 

changes significantly compared with quiescent states, since the hot 

electrons produced at larger radii r � 5 r g during the flares dominate 

the 230 GHz emission. We note that not only the characteristic radii 

of the emission increases, but also the emission extends to larger 
∣

∣ ˜ θ
∣

∣

(Table 1 ) and has contributions from both the current sheet and the 

heated jet sheath from reconnection exhaust (Ripperda et al. 2022 ), 

implying that thin-disc semi-analytical models may no longer be 

suitable for modelling the emission for such cases. Comparing with 

the density and temperature maps in Fig. 2 , the T fluid � 5 × 10 12 K 

hot flow at t = 9378 M is only visible in the image with R = 100, 

since with lower R � 10 it will be too hot to contribute significantly 

to the 230 GHz emission. 

In Fig. 7 , we compute the 230 GHz image statistics introduced in 

Section 2 . As we already concluded from the total intensity images, 

the colder electron models (larger R ) generally show a smaller and 

thinner ring, since the emission comes from the inner regions with 

higher T fluid (but lower T e ). During the flares, the ring diameter d and 

width w increase while the fractional central brightness f C decreases, 

as the ejection of the inner disc mo v es the luminous plasma farther 

from the black hole. For higher electron temperature models with 

R � 10, the ring orientation η does not change much since the 

ring asymmetry is mainly due to Doppler beaming of the accretion 

flow. On the other hand, for R = 100, the emission region is more 

extended and the ring asymmetry mainly comes from the asymmetric 

distribution of hot plasma spiraling down into the black hole, which 

leads to a larger variation of the ring orientation. Larger R models 
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Figure 5. The intensity and polarization maps for three R = R low = R high models at three snapshots. The tick direction represents the direction of linear 

polarization, while the tick length is proportional to 
√ 
Q 2 + U 2 . Note the red and orange labels which are different between different panels. For R = 1 or 10, 

the 230 GHz flux drops during the flares but the ring morphology does not change significantly. For R = 100, ho we ver, the emission region becomes much more 

spatially extended at t = 9378 M during the flare. 

generally produce less polarized images, as they need a larger fluid 

density to match the observed 230 GHz flux which enhances Faraday 

depolarization. As the fluid density drops in the region ( ∼inner 

10 r g ) where the accretion disc is ejected, during the flare states, 

the 230 GHz emission also becomes more polarized. 

While magnetic reconnection changes the topology of the mag- 

netic field during the flare states (Ripperda et al. 2022 ), the mean 

direction of the equatorial magnetic field, 

ηB ( r) ≡
〈

arctan 

( √ 
g φφ | B 

φ | 
√ 

g rr B r sign ( B φ) 

)〉

θ∈ (75 ◦, 105 ◦) , φ∈ (0 ◦, 360 ◦) 

, (9) 

does not change substantially with time, as shown in the left-hand 

panel of Fig. 8 . Here, the range of the arctan function is set to 

[0 ◦, 180 ◦), and ηB is invariant under a sign inversion of the magnetic 

field since the synchrotron emissivity is also unchanged. According 

to equation (39) in Narayan et al. ( 2021 ), the leading order prediction 

of arg[ β2 ] for optically thin, axis-symmetric, equatorial plasma and 

magnetic field profile is given by 

arg [ β2 ] � π − 2 ηB , (10) 

for face-on observers from the south pole direction. This indeed 

gives a reasonable approximation of the actual arg[ β2 ], as shown 

in the right-hand panel of Fig. 8 (the agreement is somewhat worse 

at the pre-flare time, which we do not have a simple explanation 

for). Therefore, for all the low R electron temperature models which 

lead to optically thin 230 GHz synchrotron emission, arg[ β2 ] does 

not change significantly with time, neither is it sensitive to the 

exact values of R low and R high . On the other hand, the 230 GHz 

synchrotron emission becomes Faraday thick for large R models, for 

which equation ( 10 ) no longer holds. In this case, we find strong 

Faraday depolarization (the intensity-weighted Faraday rotation 

depth 
〈

τρV 

〉

∼ 5000 for R low = R high = 100) during the quiescent 

state, such that | β2 | is small and arg[ β2 ] deviates from the predictions 

of equation ( 10 ). During the flare state, the plasma density drops and 

so does the Faraday rotation depth. Therefore, | β2 | increases and 

arg[ β2 ] becomes closer to the optically thin limit in equation ( 10 ). 

We note that here arg [ β2 ] is inconsistent with EHT measurements 

197 ◦ ≤ arg ( β2 ) ≤ 231 ◦ (Event Horizon Telescope Collaboration 

2021b ) for all the snapshots and electron temperature models, 

implying that the magnetic field is probably too azimuthal at r � 



Flare state black hole signatures 2931 

MNRAS 526, 2924–2941 (2023) 

Figure 6. Similar to Fig. 5 , but blurred with a 20 μas FWHM Gaussian kernel, which matches the current EHT resolution. The polarization pattern does not 

change much for R = 1 or 10, but for R = 100 it becomes noticeably more polarized at t = 9378 M . 

5 r g in the large spin MAD simulations (Narayan et al. 2021 ). This 

is consistent with previous theoretical work, e.g. fig. 28 of Event 

Horizon Telescope Collaboration ( 2021b ). 

5  MULTIWAV ELENGTH  S Y N C H R  OTR  O N  

SPECTRA  

In this section, we go beyond 230 GHz and compute the synchrotron 

emission spectra from 10 10 to 10 15 Hz; the results are shown in Fig. 

9 , with each curve interpolated between 11 different frequencies. 

We use the same density normalization as in the previous sections, 

namely the time-averaged 230 GHz flux should be 0.66 Jy to match 

EHT observations. Generally, the t = 9378 M mid-flare state has the 

largest flux at higher frequencies ( � 10 13 Hz), since there is more 

plasma heated up by reconnection in the current sheets. Note that 

this implies IR and even higher energy ‘flares’ associated with flux 

eruptions nearly independent of whether the mm brightens or fades 

(the exception is the R low = 1, R high = 100 model). The spectra in 

Fig. 9 drop faster at higher frequencies for lower electron temperature 

models, as there are not many electrons that are hot enough to emit 

at such frequencies. 

In this calculation, we only include thermal electrons and syn- 

chrotron emission, whereas a better modelling of non-thermal elec- 

trons, pair production and thermal and non-thermal inverse Compton 

scattering is required for a quantitative analysis of the spectra at 

higher frequencies (X-ray and γ -ray, and even optical-IR for M87 ∗); 

such modelling is is beyond the scope of this paper (see e.g. Ryan 

et al. 2018 ; Hakobyan et al. 2023 for work including more of the 

rele v ant radiati ve processes). Another uncertainty comes from the 

choice of σ cut : unlike the 230 GHz computations, we find that the 

high frequency ray tracing results are sensitive to σ cut , since the σ

∼ σ cut region may have higher temperature and thus dominate the 

emission at � 10 13 Hz. Here, we use σ cut = 10 for the spectra, in 

contrast to σ cut = 1 for 230 GHz emission in the previous sections. 

We find that with σ cut = 1 and lower T e models, the emission at � 10 14 

Hz basically drops to zero for many snapshots, as all the electrons 

that are hot enough to emit at such high frequencies are remo v ed by 

σ cut = 1. Nevertheless, Fig. 9 does confirm the qualitative trend that 

the high frequency flux increases during the flare state, which is the 

origin of the observed bright flares . 

6  DISCUSSION  

A promising source of high energy flares in accreting black holes 

such as Sgr A ∗, M87 ∗, and related systems is reconnection in near- 

horizon current sheets. Such reconnection is particularly prominent 
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Figure 7. Image statistics as a function of time for five different ( R low , R high ) electron temperature models, smoothed by a moving average with a window of 

150 M; see Section 2 for the exact definition of the statistics. The grey bands indicate the three major flare states. During the flares, we see an increase of ring 

diameter d , width w, and degree of asymmetry A , and a decrease of fractional central brightness f C , due to the ejection of the inner disc. The other statistics are 

similar between flare and quiescent states. 

Figure 8. Left : the mean direction of the equatorial magnetic field ηB , as defined in equation ( 9 ). ηB does not change significantly with time, neither is it 

sensitive to the radius within ∼ 10 r g . Right : dashed lines represent the actual image-averaged arg[ β2 ] from the R low = R high = 1 images, which is close to the 

results of all low R models (see Fig. 7 ). Solid lines show the semi-analytical computation of arg[ β2 ] in equation ( 10 ), which is a reasonable approximation of 

the actual measured arg[ β2 ] from ray tracing images. 

and energetically important during magnetic flux eruptions in MAD 

accretion models. This model is attractive because it qualitatively 

explains the time-scales and duty cycles of the observed flares as 

well as many aspects of the observed radiation (e.g. Dodds-Eden 

et al. 2010 ; Dexter et al. 2020 ; Porth et al. 2021 ). Intriguingly, this 

model also associates the flares with a dynamically critical aspect 

of the theoretical model, namely the magnetic flux eruptions and 

the associated magnetic energy dissipation required for accretion to 

continue in spite of the energetically dominant magnetic energy in the 

system. The main goal of this paper has been to study the 230 GHz 

emission associated with the same magnetic flux eruptions posited 

to produce the high energy flares. 

Should the high energy flares in fact be accompanied by a 

mm counterpart? The short answer is maybe , depending on how 

efficiently electrons with Lorentz factors of ∼100 (temperatures of 

∼10 11 K) are heated during the flare. In the context of GRMHD 

modelling like that employed in this work, this depends on the 

relation between T e and T fluid (the GRMHD simulation temperature) 

which unfortunately is still poorly understood. The energy released 

by reconnection heats up the plasma to T fluid � 2 × 10 12 K. Ho we ver, 

since the accretion flow in low-luminosity AGN very likely has 

different electron temperatures than proton temperatures, one needs 

a prescription for the electron temperature that determines the syn- 

chrotron emissivity. With higher T e models like R ≡ T p / T e = R low = 

R high = 1, we find that the T fluid � 2 × 10 12 K hot plasma contributes 

negligible emission at 230 GHz, and the 230 GHz emission gradually 

dims during the flare, although at higher frequencies the synchrotron 

flux does increase. We have also studied the spatially resolved 

emission during the flares in the context of future EHT observations. 

We find that for models in which the 230 GHz emission dims, the 

diameter of the high surface brightness ‘ring’ of emission slightly 

increases and the fractional central brightness decreases, due to 

the ejection of the inner accretion disc. The polarization is similar 

between quiescent and flare states because the equatorial magnetic 

field direction does not change much during the flares (Fig. 8 ). 

On the other hand, with lower T e models like R ≡ T p / T e = R low = 

R high = 100, the flare-state hot electrons are just the right temperature 

to emit 230 GHz synchrotron radiation, which leads to a 230 GHz 

flare brightening , simultaneous with the high energy flares. Such hot 

electrons typically have a broader spatial distribution out to r � 15 r g 
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Figure 9. Synchrotron emission spectra from radio to UV for the t = 9113 M pre-flare, t = 9378 M mid-flare, and t = 9643 M post-flare states. The mid-flare 

state is generally the brightest at higher frequencies, ho we ver, we note that non-thermal electrons and inverse Compton emission should be properly modelled 

for a quantitative prediction of the higher frequency spectra. 

(Fig. 2 ), so that the size of the ring also increases significantly. 

The polarization fraction increases while the orientation of the 

polarization (arg[ β2 ]) fluctuates during the flares, which we attribute 

to the e v acuation of the inner accretion disc leading to less Faraday 

depolarization. It is important to stress that the mm brightening 

for R = 100 models found here may depend on the magnetization 

ceiling of σ floor = 25 used in the GRMHD simulation. Higher σ floor 

implies a higher temperature T fluid of reconnection-heated plasma 

(and vice versa; see Ripperda, Bacchini & Philippov 2020 ) and so 

the appropriate value of R that corresponds to the transition between 

mm brightening and dimming during flares likely increases with 

increasing σ floor (such that T e ∼ 10 11 K). We also note that models 

with R = R low ∼ R high ∼ 100 are disfa v oured for explaining the 

quiescent emission from M87 ∗ and Sgr A ∗ (e.g. Bower et al. 2003 ; 

Marrone et al. 2007 ; Event Horizon Telescope Collaboration 2019b , 

2021b ), in part because such models have high densities and thus too 

little linear polarization due to Faraday depolarization. This does not, 

ho we ver, rule out that during flares , models with R = R low ∼ R high ∼
100 could be appropriate for describing the electron distribution in 

the near-horizon environment. 

In reality, plasma in near-horizon current sheets (i.e. at the base of a 

jet or magnetospheric region) and in the reconnection exhaust ejected 

into the disc and jet boundary, may consist of electron–positron 

pairs (as opposed to floored matter in GRMHD). This plasma is 

then heated by reconnection, up to temperatures similar to the jet’s 

magnetization (Ripperda et al. 2020 , 2022 ) and limited by radiative 

cooling, instead of being limited by the numerically enforced σ floor 

in GRMHD simulations. For highly magnetized plasma feeding the 

reconnection (e.g. σ ≥ 10 7 for M87’s jet; Hakobyan et al. 2023 ), 

the reconnection-accelerated particles heated to T ∼ σ , are unlikely 

to emit much radiation at lower photon energies (e.g. in the mm or 

IR). Therefore, we argue that the high electron temperature models 

presented in this paper (e.g. R = 1) best capture the real physics 

of the reconnection heated plasma during magnetic flux eruptions. 

These models predict a dimming of the millimeter emission during 

high-energy flares. Ho we ver, if the magnetization of the jet feeding 

the reconnection is much smaller σ � 10 6 (Crinquand et al. 2022 ), 

there may be enough non-thermal electrons emitting at submillimeter 

wavelengths to produce a flux comparable to the quiescent emission 

observed by Event Horizon Telescope Collaboration ( 2019a , 2022a ). 

Models with R = R low ∼ R high ∼ 100 correspond in principle to this 

scenario of a less magnetized jet that feeds the reconnection layer, 

resulting in brightening of submillimeter wavelength emission during 

high-energy flares. 

The properties of mm emission during magnetic flux eruptions 

depend most sensitively on the heating/acceleration of γ ∼ 100 

electrons, since those particles emit most of their synchrotron 

radiation in the mm. As we have just argued, this is expected 

to be inefficient for reconnection in strongly magnetized plasmas 

(Sironi & Spitko vsk y 2014 ), which would predict mm dimming 

coincident with high-energy flares. Ho we ver, the interaction between 

the reconnecting current sheet and the bulk of the disc at somewhat 

larger radii is complex, could be sourced by less magnetized plasma, 

and could dominate the heating of plasma responsible for the mm 

emission. It is also not at all clear that this interaction is well-modelled 

by existing GRMHD simulations (see Galishnikova et al. 2023 for 

a comparison of first principles general relativistic particle-in-cell 

(GRPIC) and GRMHD models of magnetic flux eruptions). 

To understand better whether the mm emission during a flare 

can brighten, it will ultimately be necessary to model the spatial 

and temporal dependence of the electron distribution, taking into 

account particle acceleration due to magnetic reconnection (and other 

processes) in the near-horizon environment. The physics of particle 

heating and acceleration in the flare and quiescent states could also 

be significantly different (e.g. because the former is dominated by 

higher magnetization plasma than the latter). This highlights a signif- 

icant shortcoming of using a simple time-independent prescription 

T e ( T fluid ) to model the emission and variability in systems like M87 ∗
and Sgr A ∗. This is particularly true for MAD models that feature 

such physically distinct magnetic flux eruptions. 

Daily bright and rapid flares have been observed from Sgr A ∗ in X- 

ray, IR, and mm wavelengths. These sho w, ho we ver, dif ferent types of 
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multiband light curves in different flares, implying that they may be 

po wered by dif ferent mechanisms. F or e xample, fig. 2 of F azio et al. 

( 2018 ) shows that the mm brightens simultaneously with the IR flare, 

consistent with the low electron temperature regime in this work. On 

the other hand, fig. 1 of Yusef-Zadeh et al. ( 2010 ) shows that the 

mm dims during the IR flare (see also, Wielgus et al. ( 2022 ), for mm 

dimming during an X-ray flare), consistent with the high electron 

temperature regime in this work. Correlated changes in the image 

size and polarization as predicted in this paper would clarify whether 

the difference between these two types of flares is indeed the electron 

temperature the plasma is heated to during the flare. Fig. 24 of Yusef- 

Zadeh et al. ( 2009 ) and fig. 3 of Trap et al. ( 2011 ) show a third type 

of phenomenology: the mm flux does not change much during an IR 

flare, but increases later after a significant delay. This is not captured 

by any electron temperature model in this work. This further suggests 

that simple time-independent T e ( T fluid ) prescriptions on top of ideal 

GRMHD simulations are not adequate to comprehensiv ely e xplain 

the flare state observational signatures, which still requires better 

understanding of particle acceleration around accreting black holes. 
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AP PENDIX  A :  C O N V E R G E N C E  TESTS  

A1 GRMHD resolution conv er gence 

In this subsection, we check the sensitivity of our main results 

to GRMHD resolution, from two aspects. First, we compare the 

ray tracing results with the high resolution (5376 × 2306 ×
2306) GRMHD simulation, to the results with a separate standard 

resolution (580 × 288 × 256) GRMHD simulation, which has the 
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same setup as the high resolution simulation except that it was run at 

lower resolution. As current EHT analyses (Event Horizon Telescope 

Collaboration 2019c , 2022a ) are mostly done with simulations 

similar to the standard resolution one here, it is important to check 

whether the our statistics hav e conv erged with respect to the GRMHD 

resoultion. See Figs A1 and A2 , we find no statistical difference 

between the ray tracing results with these two GRMHD simulations: 

they both brighten at 230 GHz during high energy flares with low T e 

models, and dim at 230 GHz during high energy flares with high T e 

models, while the other statistics are also similar. Therefore, standard 

resolution GRMHD simulations are probably adequate for current 

EHT analyses. 

Also, we note that during the ray tracing we reduce the GRMHD 

resolution by a factor of 4 (i.e. only keep one of the four successive 

points along each spatial dimension) to speed up the computation. 

Ho we ver, in the high resolution GRMHD simulation, there are some 

small-scale structures like plasmoids and X-points (see fig. 1 of 

Ripperda et al. 2022 ), which may not be resolved in the reduced 

GRMHD data. Here, we test the convergence of ray tracing results 

with respect to GRMHD resolution, by comparing the images from 

‘low res’ (reduced by a factor of 8), ‘mid res’ (reduced by a factor of 

4, which is the default setting in this paper) and ‘high res’ (reduced 

by a factor of 2) ray tracing runs. Note that we only reduce the 

resolution of the same GRMHD data by different factors during ray 

tracing, and all the images are ray traced with a resolution of 512 2 

pixels. The images with high temperature R = 1 and low temperature 

R = 100 models are shown in Figs A3 and A4 , respectiv ely. F or R = 

1, both intensity and polarization maps are almost identical between 

the different downsampling of the high resolution GRMHD run, 

while for R = 100 we do notice some moderate difference in the 

polarization maps, probably because the small-scale plasmoids and 

X-points typically have higher T fluid and are only visible at 230 GHz 

with lower electron temperature models. However, when blurred 

with a 20 μas Gaussian kernel, such differences diminish, since ray 

tracing with reduced GRMHD data can be regarded as a blurring in 

the GRMHD space, whose ef fecti ve kernel size in the image space 

should be much smaller than 20 μas as long as one only reduce the 

GRMHD data by a factor of � 10. Therefore, the default ‘mid res’ 

settings should be adequate for EHT modelling and analysis. 

A2 σ cut conv er gence 

In this paper, we apply σ cut = 1 to the 230 GHz ray tracing 

calculations in Section 3 and 4 , and σ cut = 10 to the spectra 

calculations in Section 5 . Here, we check the convergence with 

respect to σ cut by comparing the ray tracing images using σ cut = 

1, 10, and 25, respectiv ely. F or R = 1, we do not see any noticeable 

difference between the images with the three different σ cut ’s (Fig. 

A6 ), indicating that σ cut = 1 should be a self-consistent choice for 

such ‘standard’ electron temperature models. On the other hand, for 

R = 100, we find unphysical (i.e. go v erned by the GRMHD σ floor 

and/or density/pressure injection in polar regions) bright stripes in 

the quiescent state images with σ cut = 25, which are also minimally 

noticeable in σ cut = 10 images but are gone with σ cut = 1 (Fig. 

A7 ). In the mid-flare state, the image with σ cut � 10 is much brighter 

than σ cut = 1, since σ cut is likely acti v ated more frequently during the 

flares. As shown in the right-hand panel of Fig. 4 , higher T fluid plasma 

is more likely to have σ ∼ σ cut , which explains why at 230 GHz σ cut 

is more likely to affect the images with lower electron temperature 

models. 

Unfortunately, realistic SMBH accretion flows may have much 

larger σ � σ floor , which is far beyond the capability of GRMHD 

simulations. Therefore, the results presented in this paper (especially 

those using low T e models and/or at high frequencies) should be 

regarded as a lower bound of the actual emission, as we make a 

conserv ati ve choice of σ cut to eliminate the unphysical emissions, 

which ho we v er may also remo v e part of the signal that is indeed 

physical. It is yet not clear whether the unmodeled high σ region 

would significantly change the black hole observational signatures, 

which we leave for future research. 
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Figure A1. Left : the magnetic flux ˜ φhorizon ≡ 1 
2 

∫ 2 π
0 

∫ π
0 

∣

∣

∗F rt 
∣

∣

√ 
−g d θd φ on the black hole horizon, but for a separate standard resolution GRMHD simulation. 

The grey bands indicate possible high energy flares in this simulation. Right : the evolution of 230 GHz flux with three ( R high , R low ) models, compared with 

− d ̃  φ horizon / d t . Similar to the high resolution GRMHD results, we find that 230 GHz flux with low R electron temperature models is correlated with ˜ φhorizon 

and dims during high energy flares. On the other hand, 230 GHz flux with high R electron temperature models is correlated with − d ̃  φ horizon / d t and brightens 

during high energy flares. 

Figure A2. Comparison of the ring statistics in Fig. 7 , for the high resolution (solid) versus standard resolution (dashed) GRMHD simulations, with two ( R high , 

R low ) electron temperature models. Note that since here we have two separate GRMHD simulations, the ring statistics with the same T e model are not supposed 

to be exactly the same at each time, but they do look statistically similar. Therefore, the main results of this paper are also valid for lower resolution GRMHD 

simulations. 
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Figur e A3. A conver gence test of the intensity and polarization images with respect to the GRMHD resolution. For the ‘low res’, ‘mid res’, and ‘high res’ 

setups, the GRMHD grid resolution in ray tracing is reduced by a factor of 8, 4, and 2, respecti vely, relati ve to the original GRMHD simulation resolution. We 

use R = R low = R high = 1 for all the panels. The intensity and polarization maps are both very close between different GRMHD resolutions, so the ‘low res’ 

setup is presumably enough for theoretical modelling at EHT resolution. 
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Figure A4. Similar to Fig. A3 , but using R = R high = R low = 100 for the electron temperature. Here, the difference in polarization maps is larger than Fig. A3 , 

as the emission comes from larger T fluid regions where the direction of magnetic field is more disordered. Ho we ver, such dif ference becomes less noticeable 

once the images are blurred at the EHT resolution (Fig. A5 ). 
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Figure A5. Similar to Fig. A4 , but blurred with a 20 µas FWHM Gaussian kernel. The difference between different GRMHD resolution ray tracing diminishes 

after blurring. For the pre-flare and post-flare states, only a small arc-shaped region has non-negligible polarization, such that the pix el lev el polarization in the 

blurred images becomes much smaller than the mid-flare state. 
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Figure A6. Comparison of images with different values of σ cut . We use R = R low = R high = 1 for the electron temperature. Both intensity and polarization 

maps are quite similar between different σ cut ’s. 
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Figure A7. Similar to Fig. A6 , but using R = R high = R low = 100 for the electron temperature. In this case we see bright, unphysical stripes with σ cut = 

25 which originate from the polar regions in the GRMHD simulation. While the flare state images are sensitive to the choice of σ cut , the main results of this 

paper based on a conserv ati ve choice of σ cut should still be valid qualitatively, since using a larger σ cut will only make mid-flare images even brighter than the 

quiescent states. 
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