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Abstract. Flux emergence at different spatial scales and with different amounts of flux has been
studied using radiative magnetohydrodynamics (rMHD) simulations. We use the radiative MHD
code MURaM to simulate the emergence of an untwisted magnetic flux tube of ephemeral region
scale with a density nonuniformity into a background atmosphere with a small unipolar open
field. We find that the tube rises to the photosphere, forming complex loop structures seen in
synthetic Atmospheric Imaging Assembly(AIA) 171 A images. The atmosphere reaches 10° K at
3Mm above the surface. Our simulation provides a reference example of a less twisted ephemeral
region emergence and the atmospheric response.
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1. Introduction

The emergence of ephemeral regions is a kind of small-scale magnetic flux emergence
between larger active regions and smaller intranetwork field emergences. They usually
carry 10*® Mx to 10?° Mx flux and last at most 1-2 days (Harvey & Martin 1973;
Hagenaar 2001). They tend to be important for flux emergence research, because they
are related to both larger and smaller scale emergence in terms of physical mechanisms
(Wilson et al. 1988; Illarionov et al. 2015), and play a part in the evolution of network
fields (Hagenaar et al. 2003; van Driel-Gesztelyi & Green 2015). Being shorter lived,
smaller in size and larger in number, ephemeral regions are good objects to study the
whole process of emergence and proceeding evolution.

Previous magnetohydrodynamic (MHD) simulations of flux tube emergence show that
a twist component of a magnetic flux tube is important for it to result in a success-
ful flux emergence, because the twist can counteract deformation and fragmentation
that will prevent the emergence of untwisted tubes (Schuessler 1979; Longcope et al.
1996; Moreno—Insertis & Emonet 1996; Krall et al. 1998). However, some observations
suggests that flux tubes may not be twisted enough for successful emergence (Fan
2008). Hence, we try to examine the possible means of the emergence of a non-twisted
tube.

In this proceeding we use numerical simulations to investigate the emergence of an
ephemeral region. We consider the extreme case, introducing a non-twisted flux tube.
We introduce a density nonuniformity, so that the tube is more buoyant in a part of it,
and lead to its rise before complete fragmentation. We observe its emergence and the
corresponding response in the corona, especially the temperature evolution.

© The Author(s), 2024. Published by Cambridge University Press on behalf of International Astronomical
Union.

https://doi.org/10.1017/51743921324000218 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921324000218
https://orcid.org/0000-0002-9455-9061
mailto:zfwang@nao.cas.cn
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1743921324000218&domain=pdf
https://doi.org/10.1017/S1743921324000218

Flux emergence simulation and coronal response at ephemeral region scale 341

(a) By[Glaty = 18 Mm (b) Ap [g/cm3] at x = 18 Mm
5.00 x 103 1.50x 107°
25 25
20 2.50x 103 20 1.13x107°
15 15
§ 10 0.00 § 10 7.50 x 107
N N
5
-2.50x 103 375%x 1077
0
-5 4 v -5
, a "
—5.00 x 103 0.00
0 5 10 15 20 25 30 35 5 10 15 20 25 30 35
Y [Mm] X [Mm]

Figure 1. Initial conditions of the flux tube. Panels (a) shows B, of an xz-slice at y =18 Mm.
Panel (b) shows the density decrease of introducing the tube Ap=p— po. Note that the
uppermost part of the simulation domain is not presented here for convenience.

2. Methods

We use the radiative MHD code MURaM (Vogler et al. 2005; Rempel et al. 2009;
Rempel 2017) to simulate the flux tube emergence and evolution. We use a 36 Mm x 36
Mm x 45 Mm Cartesian domain, with the third direction being vertical. The spatial
resolution is 30 km for the vertical direction and 90 Mm for the horizontal directions,
which is similar to previous simulations of active region evolution (e.g. Cheung et al.
2010; Rempel 2012; Chen et al. 2017). The boundaries of the two horizontal directions
are periodic, while the upper boundary allows outflows. The photosphere where the
optical depth 7 is 1 is set to be 8 Mm above the bottom boundary, and is denoted as
z=0 Mm. A 5 G uniform magnetic field was added to the box, and is evolved until the
magnetic energy reaches a statistically steady value.

We introduce a non-twisted magnetic flux tube near the bottom of the simulation
domain. As shown in Figure 1 (a), the tube is parallel to the horizontal z-axis. The total
flux is 1 x 102° Mx, which is close to the flux of an ephemeral region (Harvey & Martin
1973). We then introduce a density nonuniformity to the tube, decreasing the density
of part of the tube, in order to make the part rise faster. The location of the more
buoyant part does not affect the results considering the periodic boundary conditions.
The density nonuniformity follows a Gaussian function along the tube direction, as
shown in Figure 1 (b).

We then simulate and examine the rise, emergence, and influence to the atmosphere of
the flux tube. We examine the temperature, magnetic field, and the Poynting vector from
the simulation. We also produce synthetic ATA images using the temperature response
function from Lemen et al. (2012), and Boerner et al. (2012), as well as the optically-thin
loss term in the corona of the MURaM model extension by Rempel (2017).

3. Results

The flux tube is simulated for 8 hours. It rises to the surface and emergence, forming
loop structures and affects the properties in the atmosphere.

The time evolution of temperature in the layers of atmosphere is in agreement with
the evolution of the surface field and synthetic ATA 171 A images, and can be used to
verify different periods of the simulation. As shown in Figure 2 and Figure 3, at around
t =1.90 hours, the temperature in the atmosphere is beginning to rise, and the emerging
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Figure 2. Time evolution of general properties during the flux emergence. Panel (a) shows the
horizontally averaged temperature as a function of time and height above the photosphere. The
red curve in panel (c) marks the height where the temperature is 10° K. Panel (b) shows the
time evolution of root mean squared horizontal velocity (v,rms) in magnetic elements at the
photosphere (at the average height of the 7 =1 surface). The mean is taken over all pixels with
vertical field larger in absolute value than 1 x 10® G. The red and cyan vertical lines represent
1.90 hours (red) and 3.53 hours (blue), respectively.

magnetic fields are observed at the photosphere surface. The AIA 171 A images does not
show complex structures compared to later time periods yet. After ¢ =1.90 hours, the
temperature rise in the atmosphere is clearly shown, so the time period can be regarded
as the main phase of the emergence. The v, ;s is the largest during the rapid rise of
the surface flux, and falls quickly afterwards. At ¢ = 3.53 hours, the photospheric vertical
field at this time still possess a coherent negative polarity feature originating from the
emergence, and the ATA 171 A image shows complex structures in the atmosphere. After
t = 3.53 hours, the transition region no longer moves downward, and begins to move back
again, which marks the end of the main emergence process.

4. Discussions and conclusions

We have simulated the emergence of a flux tube at ephemeral region scale in a 3D
domain with the radiative MHD model MURaM, covering it rise via magnetic buoyancy,
photosphere surface emergence and atmosphere heating. During the simulation, the flux
of the magnetic flux tube has emerged to the photosphere surface in the form of multiple
bipoles. The emerged field generates loops reaching over 10 Mm in the atmosphere con-
taining plasma above 10% K. The height of temperature reaching 10°> K and 10% K during
the emergence has lowered by 1 Mm in the atmosphere. After the peak, the temperature
reverses to former condition as the movement of the surface field becomes less significant.
The simulation describes a typical flux emergence in a partly fragmented form and with a
limited effect in coronal response, which indicates the relationship between the influence
to the atmosphere and the magnetic field configurations of ephemeral regions.

The flux tube we simulate is untwisted and with decreased density at its center. The
emergence of twisted flux tube has been studied extensively, as an untwisted tube would
distort and fragment during its rise (Schuessler 1979), disadvantageous to successful flux
emergence. Twist field component keeps the tube from fragmentation and is important
to flux emergence. However, our simulation shows that, for an untwisted tube, if the
buoyancy at some part of it is large enough for it to rise before it fragments, a successful
emergence is still possible. However, the emergence is fragmented and is limited in terms
of heating in the atmosphere. How different properties of flux tubes affect atmospheric
response differently is important in future study. Meanwhile, the emergence relies on the
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Figure 3. Synthetic 171 A image and vertical photospheric magnetic field. The upper row

shows the 171 A image from the top, the middle row shows the 171 A image from the yz plane,

and the lower row shows the surface field. Columns 1 6 show the results at ¢ =0.89 hours,
1.90 hours, 2.52 hours, 3.15 hours, 3.53 hours, and 4.04 hours, respectively.
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density nonuniformity which may be caused by turbulent motions in the real sun, and is
needed to be evaluated with more detail in observational study in the future.
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