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ABSTRACT

Recent observations of Sgr A by the GRAVITY instrument have astrometrically tracked infrared (IR) flares at distances of 10
gravitational radii (rg). In this paper, we study a model for the flares based on 3D general relativistic magnetohydrodynamic
(GRMHD) simulations of magnetically arrested accretion discs (MADSs) that exhibit violent episodes of flux escape from the black
hole magnetosphere. These events are attractive for flare modelling for several reasons: (i) the magnetically dominant regions
can resist being disrupted via magnetorotational turbulence and shear; (ii) the orientation of the magnetic field is predominantly
vertical as suggested by the GRAVITY data; and (iii) the magnetic reconnection associated with the flux eruptions could yield
a self-consistent means of particle heating/acceleration during the flare events. In this analysis, we track erupted flux bundles
and provide distributions of sizes, energies, and plasma parameter. In our simulations, the orbits tend to circularize at a range of
radii from 5 to 40 ry. The magnetic energy contained within the flux bundles ranges up to  10%° erg, enough to power IR and
X-ray flares. We find that the motion within the magnetically supported flow is substantially sub-Keplerian, in tension with the

inferred period-radius relation of the three GRAVITY flares.
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1 INTRODUCTION

Near-infrared (NIR) observations of the Galactic Centre have pro-
vided an exciting number of discoveries: foremost the precise
measurement of the Galactic Centre black hole mass and distance
of M 4.15 % 105 and 8.178 kpc through astrometric monitoring
of stellar orbits (Schodel et al. 2002; Ghez et al. 2003; Gravity
Collaboration et al. 2019). Furthermore, the gravitational redshift
and post-Newtonian orbit of S2 star were recently measured (Gravity
Collaboration et al. 2018a, 2020a) setting tight bounds on the
compactness of the central mass.

In addition to precision measurements of stellar orbits, NIR
monitoring has revealed recurring  >10 flux increase flares that
last for around an hour and occur roughly four times per day (Genzel
et al. 2003). The peak intensity is 10% ergs™ and the emission
is strongly polarized with changing polarization angle during the
flare (Eckart et al. 2006; Trippe et al. 2007; Shahzamanian et al.
2015). Besides infrared (IR) flares, the Galactic Centre is also prone
to simultaneous X-ray flares, albeit only one in four IR flares also
has an X-ray counterpart (Baganoff et al. 2001; Porquet et al. 2003;
Hornstein et al. 2007). The IR flares (but not the X-ray flares) exhibit
substructure downto 1 min and large structural variations on time-
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scales of 20 min (Do et al. 2009; Dodds-Eden et al. 2009). These
observations suggest a synchrotron origin of the IR emission from
a compact region of size  3ry within  30ry from the black hole
(Broderick & Loeb 2005; Witzel et al. 2018).

Recently, the Gravity Collaboration has reported three bright flares
and astrometrically tracked their flux centroids with an accuracy
of 2ry (Gravity Collaboration et al. 2018b, hereafter G18). The
centroid positions and polarization swings with periods of 40-60 min
were found to be compatible with a relativistic Keplerian circular
orbitat 9 ry (Gravity Collaboration et al. 2020b). A striking feature of
these observations is that the polarization signature implies a strong
poloidal component of the magnetic field in the emitting region
(G18).

General relativistic magnetohydrodynamic (GRMHD) simula-
tions of radiatively inefficient accretion are quite successful in
reproducing many aspects of the galactic centre such as spectra,
source sizes, and some aspects of variability and polarization
signatures, yet no consensus model reproduces all observables at
once (Moscibrodzka et al. 2009; Dexter et al. 2010; Dibi et al. 2012;
Moéscibrodzka & Falcke 2013; Chan et al. 2015a; Gold et al. 2017;
Ressler et al. 2017; Chael et al. 2018; Anantua, Ressler & Quataert
2020). In the IR, large uncertainties are present due to the necessity
of including electron heating and likely non-thermal processes in
the radiative models (Chael, Narayan & Sadowski 2017; Chael et al.
2018; Davelaar et al. 2018).
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Before exploring this large and uncertain parameter space, we
here focus on the dynamics that could initiate IR flares like
the ones observed by G18. In the context of the G18 flares,
simulations of magnetically arrested discs (MAD; Igumenshchey,
Narayan & Abramowicz 2003; Tchekhovskoy, Narayan & McKinney
2011; McKinney, Tchekhovskoy & Blandford 2012) are particularly
promising. The simulations show frequent eruptions of excess
magnetic flux from the saturated black hole magnetosphere. As first
described by Igumenshchev (2008), these flux bundles appear as
highly magnetized ‘blobs’ with a dominant poloidal magnetic field
component in the accretion disc (e.g. Avara, McKinney & Reynolds
2016; Marshall, Avara & McKinney 2018; White, Stone & Quataert
2019). Once the excess flux is reaccreted, a repeating quasi-periodic
cycle of outbursts from the black hole is set up.

The environment in which these eruptions occur is turbulent
and complex and the mechanism behind the flux escape events is
somewhat uncertain. Yet the process is reminiscent of a Rayleigh—
Taylor-like interchange between funnel and disc plasma that is
triggered once the accumulated magnetic pressure overcomes the
ram pressure of the accretion stream (see e.g. the discussion in
Marshall et al. 2018). Magnetic reconnection might be involved
to promote accretion through the magnetic barrier (Igumenshchev
et al. 2003) or to change topology of funnel field lines through a
Y-point in the equatorial plane.

Large-scale simulations of mass feeding in the Galactic Centre
through magnetized stellar winds have recently been presented by
Ressler, Quataert & Stone (2019, 2020). They demonstrate that
for a wide range of initial wind magnetizations, the (extrapolated)
horizon scale magnetic field is of order of the MAD limit. Similar
to MAD accretion, the inner magnetic field is dominated by the
poloidal component and magnetorotational instability (MRI) is either
marginally or fully suppressed. This serves as additional strong
motivation to study MAD dynamics in context of Sgr A flares.

This paper is organized as follows. In Section 2, we first describe
the GRMHD simulations and analyse timing properties of various
diagnostics in the simulations. We then elucidate on the flux eruption
mechanism and describe our method of flux tube selection for the
following statistical analysis. We conclude in Section 3.

2 RESULTS

2.1 Overall characteristics of the simulations

In this paper, we discuss GRMHD simulations obtained with
BHAC(Porth et al. 2017; Olivares et al. 2019)* using modified Kerr—
Schild coordinates (McKinney & Gammie 2004) and two to three
levels of static mesh refinement. Unless stated explicitly, we use
units where G = ¢ = 1, which for instance sets the length unit
ry = M, where M is the mass of the black hole. The simulations
are initialized with a hydrodynamic equilibrium torus following
Fishbone & Moncrief (1976) with inner edge at rj, =20M and
density maximum at rn. = 40 M and we use an ideal equation of
state with an adiabatic index of y = 4/3. We perturb the initial state
by adding a purely poloidal magnetic field capable of saturating the
black hole flux. The particular vector potential reads

3
A, max ™ sinfys exp(—res/400) (p —0.01), 0 , (1)

lin
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Table 1. Overview of the simulations giving spin, resolution, mass-weighted
average quality factors, and domain size.

ID a NrXNBXN(p Qrprepr(pp Tout

18.9 x 14.4 % 29.6 2500 M
27.2 x 22.4 < 43.0 2500 M
25.0 <212 %313 2500 M
10.6 x 11.4 % 10.3 2110M

MAD-128 +0.9375 256 x 128 % 128
MAD-192 +0.9375 384 < 192 x 192
MAD-192-CR —0.9375 384 x 192 x 192
SANE-256 +0.9375 512 x 256 % 128

where subscript KS indicates ordinary Kerr-Schild coordinates. The
initial magnetic field is weak and scaled such that the ratio of pressure
maxima Bini := Pgas, max/Pmag, max adopts a value of B, = 100.

An overview of the simulations used in this paper is given
in Table 1. With the fiducial (dimensionless) spin value of a =
0.9375, we discuss two MAD cases with increasing resolutions and
one standard and normal evolution (SANE) case for comparison.
In addition, a counter-rotating case with a = —0.9375 is shown
to investigate the spin dependence of the results. To check for
convergence of the simulations, we also quote the mass-weighted
MRI quality factors (Q-factors, see Section 2.3) in Table 1. As
indicated by Q-factors above 10, all simulations have sufficient
resolution to capture the MRI (e.g. Hawley, Guan & Krolik 2011,
Sorathia et al. 2012; Hawley et al. 2013).

2.2 Time series

A time series of horizon penetrating fluxes following the definitions
of Porth et al. (2019) is shown in Fig. 1. A quasi-stationary MAD
state is obtained after t = 7500 M, where t@imensionless horizon
penetrating magnetic flux @ := gu/ |M] reaches the critical
value of @max = 15 for a = +0.9375 and @m = 8 for a =
—0.9375, consistent with Tchekhovskoy, McKinney & Narayan
(2012).2 Quasi-periodic dips in the horizon penetrating magnetic flux
are visible in particular in the counter-rotating case where up to half
of the flux is expelled in strong events. The flux is then reaccreted
and the expulsion repeats after a time-scale of 1000-2000 M that
corresponds to  5-10 h in the galactic centre. In the corotating case,
we see weaker flux expulsions and correspondingly the time-scale of
reaccretion is considerably shorter. The normalized accretion power
measured at the event horizon, |(E — M)/M|, shows an efficiency
of upto 150 per cent, indicating the extraction of spin energy and
is a characteristic property of the MAD state (Tchekhovskoy et al.
2012).

Turning to the rotation profiles that are given through the power
law:

() r, @

with index g. While the SANE case is compatible with Keplerian
motion (q=1.43), once large flux tubes appeararoundt 12 000 M,
the MAD case becomes substantially sub-Keplerian (q = 1.25) due to
additional magnetic support. The rotation and shear will be analysed
further in Section 2.6.

It is interesting to consider how accretion of mass and magnetic
flux are interrelated for MAD discs. Naively, if accretion proceeds
through an interchange process, one might expect M(t) and ~ gy(t)
to be anticorrelated. This is because dense plasma (increasing M) is
‘interchanged’ with strongly magnetized funnel plasma (decreasing

sH). However, as pointed out also by Beckwith, Hawley & Krolik

2In our system of units, which differs from the commonly employed definition
of Jehekhovskoy et al. (2011, 2012) and McKinney et al. (2012) by a factor
of 4m
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Figure 1. Time series of the MAD accretion runs (blue, green) contrasted
with the SANE case (orange). Horizon-penetrating fluxes reach the MAD
limitsattxs 7500 M. In the corotating case, the energy extraction is more
than 100 per cent of the accretion power at this time. Large flux tubes appear
att 12000 M that coincides with strong fluctuations in the rotation index
g. Rotation in the SANE case on the other hand is only slightly sub-Keplerian
with index of g = 1.43 withintks  [5000, 10 000] M. The rotation index has
been omitted for the counter-rotating case at it is not well fitted by a power
law.

(2009), the black hole mass must increase, whereas magnetic flux
can also decrease due to ‘escape’ from the black hole and due to the
accretion of opposite polarity field lines and reconnection. Hence
it is not clear whether a correlation between the two properties
should exist at all, as different processes might govern their respective
evolutions.

To analyse the accretion process, as a first step, we investigate
the autocorrelation of the rates of mass M, energy and angular
momentum E and L, and the rate of magnetic flux increase gy.
The correlation time is defined as the lag when the autocorrelation
assumes a value of 1/e and the time series is restricted to a time when
the simulations are firmly in the MAD state: t ~ [10 000, 15000] M.
This yields a correlation time for the (detrended) M of toorrm =
47 and 65 M for the fiducial runs MAD-128 and MAD-192, respec-
tively. These values are consistent with the decorrelation time of the
ray-traced synthetic images used in the Event Horizon Telescope
(EHT) model fitting (Event Horizon Telescope Collaboration et al.
2019). Repeating this analysis for E and L yields similar results.
Quite in contrast to M, E, and L, it turns out that in our simulations
" gn is uncorrelated down to the sampling frequency of 1 M, both
for the MAD and SANE cases. Accordingly, there is no detectable
correlation between mass accretionand . This is a strong indication
that the black hole flux in the saturated state is subject to a highly
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intermittent random process and does not follow the long-term trends
seen in the accretion of mass.

We have further checked for cross-correlations between the afore-
mentioned quantities and note one striking difference between the
SANE and MAD cases: in turbulent SANE accretion, the time series
of M and L is clearly anticorrelated, meaning low-density streams of
gas carry higher than average specific angular momentum. The MAD
cases show no clear correlation. A possible interpretation could be:
if angular momentum of low-density flux tubes is removed via large-
scale stresses in MAD accretion, it is expected that these low-density
flux tubes carry systematically lower angular momentum when they
are accreted. Hence one would expect a positive correlation between
M and L. If both turbulent MRI accretion and flux tube accretion
occur at the same time, likely no correlation is observed.

2.3 Flux tube selection

Flux tubes are dominated by coherent large-scale vertical magnetic
fields. They differ substantially from the MRI active regions where
the field is subdominant and its geometry is mostly toroidal. This is
visualized in Fig. 2, where we chose footpoints rooted on: the black
hole event horizon (white field lines), in the MRI active turbulent disc
(yellow lines), and in a high-magnetization region in the equatorial
plane (red). Here we introduce the (hot) magnetization o := b?/(ph)
that compares the square of the fluid-frame field strength b? and the
enthalpy density of the gas ph. Within one scale height of the disc,
the flux tube remains nearly vertical and is subsequently wound up
around the jet. Its mid-plane magnetization is o 0.5 and, as the
field is strong, the MRI is quenched in the flux tube.

The suppression of the MRI is quantified by the ‘MRI suppression
factor’ that compares the disc scale height H with the wavelength of
the fastest growing (vertical) MRI mode A®). No growth is expected
for wavelengths that do not “fit” into the disc diameter, hence for
Surr 1= 2H/A® < 1. For a quantitative analysis, we define the density
weighted averages as

o v__
(-)p(r,0,0,t) —gdo
,0,1):= -2 / :
[ (r t) 021'[ p(l‘.e,(p,t)VTQd (3)

. () p(r8,0,1)" =g d8 do
PRI e 2T To(r,0,0,1) —gdo dedt

theg 0

(4)

with () denoting the quantity being averaged, g is the determinate of
the four metrics, and where we set an averaging interval in the quasi-
stationary state tpeg = 12000 M and te,g = 15000 M. We measure
the (density) scale height as

H/r(r) == /2 —Bks| o (r). (5)

The fastest growing mode is evaluated in a comoving orthonormal
reference frame (Takahashi 2008) as

A= e, (6)
ph + b2
where ;= u®/ut is the coordinate angular velocity of the fluid. We

define the average suppression factor as

Hr) o)

S r,e,t):= - , 7
MRIP( ) 1T b®/ ph+b2 p(r’e,t) ()
and the MRI quality factors as
. A0
(i) .— H
Q = X(i) 1 ! (I', 9, (p) (8)
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Figure 2. Rendering of the different magnetic field components in a MAD simulation. Horizon penetrating field lines (grey), toroidally dominated disc fields
(yellow), and the expelled flux tube (red). In the left-hand panel, we show the isocontour ¢ = 0.2 coloured by density. In the right-hand panel, the mid-plane

mangetization ¢ is indicated, highlighting also the magnetized flux tube.

The mass-weighted averages of the Q-factors within r <50 M are
noted for each run in Table 1.

Effectively, the suppression factor means that MRI does not grow
in magnetically dominated regions. This can be seen using the thin
disc relation ¢, = H and noting that v = b®/ ph + b? is the
vertical Alfvén velocity. Hence

SMRI = Csfvp = PQTﬁBZZ, (9)
simply compares the sound and Alfvén velocities or magnetic and
thermal pressure contributions.

To identify flux tubes for further analysis, we therefore look for
regions with dominant vertical field component and trace the contours
where BZZ/Pgas = 1inthe equatorial plane. In addition, to reduce the
level of noise in the detection, we restrict our analysis to flux tubes
with a cross-section of at least 1/(4mr?) in area, where ry is the
radius of the black hole event horizon. We have verified, using these
criteria, that for the SANE case this comparison does not show any
flux tubes.

Fig. 3 illustrates the properties of these regions for three con-
secutive times for simulation MAD-128. The flux tubes selected in
this fashion have dominant out-of-plane magnetic fields that were
checked by tracing their field lines as in Fig. 2 for several selected
cases. Fig. 3 shows that flux tubes coincide with suppressed MRI
(top panels), and have low plasma 3 and higher than average o,
as expected (bottom two rows). It is interesting to note that in
both runs MAD-128 and MAD-192, we find that the angle- and
time-averaged Swri , (1) suggests MRI suppression within 10 M.
However, within this radius, dense streams of accreting material are
frequently found where the MRI can in principle operate.
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2.4 Dynamics of flux tubes

Over time, a flux tube will become more elongated as it shears out in
the differentially rotating accretion flow. Flux and mass conservation
for constant scale height yields a simple estimate for the pressure
contributions in the flux tube:

B2 (10)

P 1, (11)

where 1 is a measure of the size of the flux tube (here defined
as the radius of the circle having the same surface as the cross-
sectional area of the flux tube). Hence for any causal y < 2, the
magnetic pressure decreases faster than the thermal pressure as the
flux tube increases in size. As the flux tube moves outwards, the
ambient pressure decreases and pressure equilibrium is obtained via
expansion of the tube, hence the flux tube expands and loses its
magnetic dominance. Shear- and Rayleigh-Taylor-induced mixing
can also increase the size of the flux tube over time. Once distributed
over a large area, the flux tube cannot remain magnetically dominated
and is dissipated in the accretion flow.

To analyse the motion of the flux tubes, we compute the centroid
of the magnetic flux in the selected magnetically dominated regions
in the equatorial plane, illustrated by ‘+’ signs in Fig. 3. The centroid
motions of robust features that can be tracked for at least one-
quarter of a circle are illustrated in Fig. 4. A flux bundle spirals
outwards to eventually circularize at what we call its “circularization
radius’. For different flux tubes we recover different circularization
radii ranging up to 40M. Over the considered time interval
tks  [12000, 15000] M, the high-resolution MAD-192 case shows

2202 |1Mdy G0 UO Jasn wepisiswy UBA IBNISISAIUN AQ Z/8EZ19/S202/2/20S/3191e/Seluw/wod dno olwapeoe//:sdny Wwolj papeojumo(



Flux tubes in MAD accretion 2027

tks =13400.0 M tks =13600.0 M tks =13800.0 M log1o (5M1R

%
0.75
0.50
0.25
0.00
-0.25
—-0.50
-0.75
-1.00

BZZ/Pgals o

0.8
0.6
0.4
0.2
0.0

log100
1.0

0.5
0.0
-0.5
-1.0
-1.5
-2.0

log108
1.00

y [M]

y [M]

y [M]

0.75
0.50
0.25
0.00

y [M]

-0.25
—0.50

-0.75

—1.00

—40 -20 0 20 40 -40 -20 0 20 40  —40 -20 0 20 40
x [M] x [M] x [M]

Figure 3. Evolution of quantities in the equatorial plane. We show the density-weighted MRI suppression factor Syri p marking the region where MRI is
suppressed by the red contour (top panels). The second row illustrates Bzzngas used for extraction of flux tubes on the equatorial plane. Magnetization and
corresponding plasma B parameter are given in the third and fourth row. Flux tubes have a dominant vertical field energy B2 compared to the gas pressure and
suppress the MRI. Ataradius of 20 M a large flux tube performs a circular orbit while shearing out in the differentially rotating flow. In the lower three panels,
contours mark the detection threshold and crosses mark the flux centroid position.

fewer eruptions than MAD-128, yet the parameters of the present size of the magnetically dominated region, r/r, and the magnetic

features are comparable. energy contained within one density scale height, Eg. To compute
Key parameters of the flux tube evolution are summarized in the normalization for the latter, we perform ray-tracing radiative
Fig. 5 where we show the coordinate values r, @, the relative transfer of the data using the BHOSS code (Younsi & Wu 2015)
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