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The prescnce of magnetic field is crucial in the transport of energy thaough the solar amesphene . Rocent ground-
besed and space-bome observations of the quict Sun have revealad tha magnetic field accumulaies al photespheric
heights, via alocal dynamo oo from small-scale fux emergence events. However, mosat of this small-scale magnetic
foeld may not expand into the chromosphere due 1o the entropy drog with height st the phoosphere. Hene we
presend astudy that uses ahigh-rescltion 30 radiative MHD simulstion of the selar simosphene with non-gray and
non-LTE madiative wansfor and ihermal conduction aleng the magnetic feld do reveal that 1) the net magnetic fux
from the sinmulated quict photosphene (s nod sufbcient o main@in a chromespheric magnetic fiezkd {on average), (2)
processes in the lower chromosphere, in the region dominaied by magnewsacoustic shocks, ae able 1o conven
kinetic energy into magnetic energy, {30 the magnetic energy in the chromosphere increases lineary in time watil
the e of the magnetic Geld strength samsaies at roughly 4-30 G (horizontal averaee) due o conversion from
kinetic energy, (49 and that the magnetic feamres formed in the chromesphene are localized 1o this region.

Ky woras: dynamo
almasphene — Sun! chaomosphe e

Suprpeerging seterials animations

1. Dt et ctiom

The turbulent convection #one of the Sun continuously
sretiches, bends, and seconnects the magnetic fekl. This
precess convens kinetic into magnetic energy and is known as
the local dyname. The convection zone time and kength scales
incregme with depth, so that local dyname timescales and
prowth  pates  alse vary  with  depth  (Nosdlund 2008,
Rempel 2014; Kiiahvili et al. 2005 Consaguently, and due
i the relatively shor timescales at the swface compared 1o
dieeper layers, the magnetic energy growih 5 faser clse 1o the
solar surface.

Studying the small-scake dynamo beliewved o operate in the
solar convection zone is inhernendly difficul (Cattaneo 99
The turhbulent dyname relies on te transfer of kinetic energy in
the foom of turbulent motions inte the magnetic encrgy
{Parker 1955, Childress & Gillben 19952, ldentifying a wosking
dynamo s a question of how efficient the amplification of the
magnetic feld is compansd o the efficiency of the cascade of
miagnetic el down io the resitive scale (Finn & Odn 19885,
Mot that any work on the magnetic Geld will produce more
magnetic ener gy—ihus the compression of a uniform magnetic
fazbd will kecally incresse the magnetic energy. In local dynamao
theory, one expects the magnetic encrgy in a closed sysem,
where a magnetic dynamo is al wark, 1o change initially with a
plynomial incresse, follvwed by an exponential inorease over
time, befone fnally the magnetic encrgy saturates 1o the kinetic
cnergy of the syatem {e.g., Brandenbure & Subramanian 20057,
This comes abowl because at this peind, the magnetic Geld is
strong encugh to hinder the metions of the plasma o a degree
where the amplification of the magnetic field docresses. I§ one
loapks &l & system that B ol Bolated, tee wanspon of magnetic
fux in and out of the system can moedify the growth rate.

— magneiohydrodynamics (MHD) — methods: numerical

— radiative wansfer — Sun:

Usually the turbulent dynams is maodelad by using numerical
simulations basad on magnetchydrodynamics (MHDD assum-
ing that a weak iniial small-scale magnetic field is present from
the onset In reality, magnetic feld & always presend, sill, in
theory the presence of magnetic field & nod siricily necessary if
one tkes inte account Bermann's batery effect (Bies-
mzn 19500, e, that the seod of the magnetic feld can be
generated due 1o local imbalancess  in elecinon  presaure
{Khemenko et al. 2007, but this efMect is nod included in MDD,

When the magnetic energy increascs exponentially, the
magnetic energy i amalker than the kinetic energy of the Auid,
and therefore the magnetic dyname B in the linear regime.
After the energy of magnetic held approsches the kinetic
cnergy of the fuid, the Lorentz foroe is able domaodify the Aow
aof the fAuid significandy, quenching the dynamo action that
theene fore enters a nonlinear regime {so0 the review Childress &
Gilben 1995, Monlingar dynames are present nod only in
turbudent Nows, but also in more organized Nows, which at low
Reynelds number can lead o prester prowih rakes (Aldexa-
kis 2011, For nsatance, the lamina fows can also lead 1o a
nonlinear dynames  prooess (Aschontis e al. 2007, These
auwthors also found that venices can concentrake  nonlinear
dynamo proc s,

The local dyname in the convection zone & wnder vigoous
dibaie. Radiative-MHD simuolations perfommed by Wigler &
SBehilsaler {20075, Rempel (20047, and Hotta et al. {20157 show
the exitence of a local dynamos, but the magnetic Prandil
number—ihe satio betvecn magnetc (fe ) and visoous
Reynolds (Re) mmbers (Pr=Re SRei—in those numerical
simulations is believed tobe larger than the one estimated at the
solar amesphere (Archontis e al. 2003, Schekochihin @ al
200 Brandenburg 2001, 20043, The efficiency of encigy
conversion from kinetic inde magnetic decresses when the
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magnetic  Prandil number decreases. This  dependence  is
different across different various types of Bows and turbulkenoe,
which may sugeest that the local dynamoe present in the solar
surface is minos. Siill, high resolution ohservations show very
confined and small-scale magnetic feamres within the photo-
sphere, contrary 16 whal & found inthose simulations. Another
consideration 1o bear in mind is that studies with varying Pr
numbers pay the penalty of being confined 1o extremely kow,
and perhaps unrealistic, Req, in osder 1o achieve the small
Prandil numbers believed w characierize solar conditions
{Brandenbure X010 I is thos clesr that funher swdies are
requised 1o settle the debsie about the prsence and natwe of
the local dynamoe in the photosphen:.

I is of course of great intenest o study how the local dynamo
impacts the solar simosphere. In the quict Sun, there & no
ohscrvational evidence of magnetic field in the dhomosphere
resulting from phodssphernic smallscale lux emer gence events
fep., Martineez Gonzdler & Bellst Bobie 2000 Marinez
Cronzilez et al 20000 These studics wsed magnetic feld
exirapolation from photospheric feamres ina few evends and
apeciroscopic signalk of the chromosphere with Call W is
winclear whether the ek of srong observational evidence Fog
the effect of small-scale photspheric fiekds on the chromo-
aphere 15 caused by insuffcient sensitivity, or bocause weak
fickds donoed reach preater heights. In the absence of conclusive
obscrvations, models can help, Becently, Amani e al. (2005)
studied the impact of the lecal phoiospheric dynamoe on the
cofona.  They  found that the cnerpy  flux  generated by
phoiospheric modions, inchding the lecal dynamo, & large
cnough 1o play a major mole in heating the corona. However,
their mosde ] doses nod include a detailed description of the upper
solar simosphere, the ¢hromespherne is not well resolved and a
proper madiative iransfer treatment of te aimoesphens is lacking.
A accurate treatment of the radiative losses i the phoosphere
and chromosphene will impact the Poynting flux theough the
sobar amosphene. Here we study the impact of the phoospheric
quict-Sun magnetic field en the chromosphere using a state-of-
the-art numerncal model that doss inconporake many physical
processes that have previeusly boen ignosed. We will show in
this work how maenetic field rising into the chromosphenz is by
isell nod able 10 maintain te feld sirength these. The
conscquence of this nwst be thal an ampliication of the
magnetic Beld in the chromosphere mus occur, Our model
revieals that the kinetic energy in the chiomosphere can produce
magnetic field in sim.

W firsst provide a shorl description of the adative-MHD
code and the numerical mode]l. The resulis are discussed in the
nexd section, the analysis divided between describing the
magnetic and kinetic energy in the chromesphere {Section 310,
Poyniing Qux (Section 32), magnetic field stociures in the
chiomosphere (Section 33), and seconnection {Section 3.7,
We end this manuscript with a conclusion and discussion
saclion.

2, Numerical Maodel

Wi use &30 madiative- MHD numerical simulation oomputed
with the Bifrest oode (Gudiksen e al 2001 The model
includies radiative wansfer with scaitering in the phowsphere
and loower chromesphene {Skarlicn 20000 Hayek e al 20000,
In the middle and wpper chromesphere, radiation fom specific
apecies such a5 hydrogen, calcium, and magnesium s
computed  following Carkson & Leenssris (20023 mocipes,
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whik using optically thin radistive losses in the ransition
region and corona, Thermal conduction aleng the magnetic
e kd, impontant for the energetics of the transition region and
corona, 15 sobved following the formulation of Bempel (2007,

Initially, the smulation only spans a venical domain
stretching from —2.5 Mm below  the  photosphene up o
0.7 Mm above., The phowsphere B located a1 ; ~ 0 {where
Taw = 1) The horizontal domain spans & = & Mm in the 1 and
v directions with 5 km resolutien, thus the sinulation includes
of order -~ pranular cells along each axis. Initially, the
simulation box is soeded with a uwnifoom weak vertical magnetic
field of 250G, The model is mn for 51 minwtes, undl the
magnetic feld complexiy and srengih reaches a statistically
sicady  state with S = 56 G al pholospheric heights
{z=0Mm). The magnetic encrgy increases in the convection
mone and phoosphere due to the workings of the comective
mcdion {similar o that describad by W igler & Schilssler 2007
Rempel 2014 Cameron & Schilssker 20053 At this point in
time we exiend the ouwer solar atmosphere up o & = 8 Mm.
The venical s-axis used is nonuniform, with the smallest grid
aire in regions of high vertical gradients, in the photosphere,
chromosphene, and wansilion region {df = 4 km) and higher in
the corona and in the convection zone. The density and
temperaiure struciure of the outer atmosphe e was oniginally set
by using the horzontal mean density  and  demperatne
stratification Tound in the preexisting se-called “non-GOL™
medie]l deseribed in Maninez -Sylora et al (200 7a) while the
vielocities wene initialized to #eno. Thanks 1o the svong density
increase e the convection sene the transients generated by
attaching an culer atmosphene do ot impact deeper layers and
et 1y proga gate owwands (see Figuse | and the comesponding
online animation), The wodal energy of these transients are also
negligible compared o the seady-sise situation that develops
in the chromeaphere {see ako Section 31,10 In other words,
ihe initial sratification of the cuter mosdelad ammosphene did naod
impact the steady-stae solution found &l later imes.

Using a podential fekd extrapolation, the magnetic Geld was
computed, staning at the height where the lowest magnetic
cnergy in the nitial mode]l was found {2~ 042 Mm). The
initial mapnetic field in te chiomesphene B therefone very
weak (2500 and nearly venical {see Figue | and the
coarcaponding online animaton.

The hoo ontal boundaries are periodic, The o and botiom
boundaries are open, allowing shocks and flows o pass
through. A1 the botom boundsary, the entropy is Se1 40 58 1o
maintain the convective motion with an effective temperaine
aof ~5750 K. In this model we do net inject new mammetic lux
but let the magnetic feld exit the simulation ai the wop and
betiom baowndar ies.

1. Resulis

We fnd that in this high-resohlition guiet-Sun model the
chriomospheric magnetic enerey conkenl incneasss substantally
with time. This could in principle be caused by | 1) amall-scale
magnetic flux emergence, {2 diffusion of magnetic field
through the atmosphens, {3) and/or te magnetic encigy
growing in plaoe fad by the dynamics of the chromosphenz. In
the remainder of this manuscript we will show that the incnease
of magnetic energy s the resull of the latter scenario. In the
follow ing we describe the evolntion of the magnetic fbeld and
kinetic energy of the plasma and their propagation through the
atmasphbere. i the ber pan of his section we will focus on the
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miagnetic sruciures thal appear and their evelution within the
chiomosphene itself and reconnection. Before describing our
findings in detail we list, in Table |, the heights used 1o
separate various lyes of the aimesphene, These cuts ae basad
on propoerties of our simulation and ned on observational
P s
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A Gwrh of the Chrovespheric Magnerse Energy

Al the stan of the simwlation the kinetic eneregy of the
chiomosphen: increases as acoilic waves Trom e photo-
sphere propagaie ini the initial simosphene. The magnetic
cnergy in the modeled chromesphene stans (o increase alfier
only a fiow minutes of the initial stan Gme (f = 50 minutes™) of
the simulation. Figure 2 shows the mean in horzontal planes of
the magnetic (op) and kinetic energies a5 a function of height
and time. For the frg 15 mimdes {r< &8 minmes), the
magnelic energy increaes theoughout the chromosphenre with
a Jocal maximum centeraed at 2 = 08 Mm and a local mininmm
near £ 052 Mm Al 2 = 008 M, the magnetic energy first
incresses once the mean in horizental planes of the magnetic
energy reaches ~ 1 erg em . Al laier times (5= 65 minues),
the local minimum o the magnetic energy  found sl
o 052 Mm disappears and reaches values that ane al least
as big as, or even greater, than that found just abowve,

Previous simulations of the local dynamo in ihe convection
one, such as those carried out by Yogkr & Schilsaler (2007
and Rempel (2004% or in this sinwlation at early times
{1 < Slminuies), before we added the outer chromosphene and
low corona, show a shamp decrease in magnetic encrey with
height around 2 = 03 Mm {see blue lines in top pancl of
Figure 23 This may be due tothe location of the open upser
boundary in these models. When the boundary is placed at
grcater heights we find a nuch higher value of the magnetic
fic k strengih at this height (yellow—ned lines inthe op pane] of
Figune 21,

We carry oul our analysis by subiracting the advecied
magnetic Aux, bui also, alernately, the full Poynting e
Figure 3 shows s a function of tme, the mean magnetic
cnergy within the domain ;= [0L52, 15)Mm. In osder o
quantify the magnetic energy buikd in situ in the chromosphene,
wie have removed any incoming or oulgoing magnetic fux or
Poynting fux & the boundaries of 1hi~'. domw@in indeprated in
time, ie., by subimsciing £ = f B, AS for the magnetic
s, o, fic the Poynting flux
B= j [y at: — Bofse Be + a, B)]AS &t the boundaries.
Where B, B, awd & ame the various components of the
magnetic Beld, i, i, and i, ane the varows components of the
velocity field and &, is the horizontal magnetc field an the
boundarices of this selecied domain. The resuliing evolution of
the mean magnetic energy within the domain & shown with
Blue and black lines, sespectively. Mok that both methods of

By one ke, 1 eatidly we spened vk o ol g sposmsed osly wp o 00T Man
abeoe e pleotceplere . B pcod -0 srmsienes oo e Comvacine modo b bkl
ep the magmenc ficld oo phoscepler. We e exponded e doorem o
e ey e barevacespliazin Gl oodoe
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analysis give qualitatively the same resuli. In both cases, the
magnelic energy increasss linearly in time undil reaching a
sieady state some 16 mimnes lawer. Thenefose, the linear
increase of the magnetic energy sezen in the chromespherne (hlue
and Black lines in Figure 33 s nod due to Aus transponted into
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the chromosphe e, gencrated by conversion of the Kinetic into
magnetic energy from the convective motion, nos due o the
Poyniing fux through the upper and Jower boundaries of the
chaomsphuerne .

The work of the Poyating Qux (8 s, 8, + &, 8.0 contribuies
te the streiching of the magnetic field, one of the processes
necded do increase the magnetic energy with the dynamics.
This mechanism convens kinetic energy indo magnetic energy.
Howevier, as mentioned in the Introduction, the local dynanoe
ms goour noa clemed and selfcontained sysem, e, no
cnergy fux at the boundaries. Such a requirement s nod
achievable in the solar atmesphere, the Sun is highly connecied
throughout its amesphere including the lower chromospherne.
These fore, the convection zene will disturh the magnetic feld
configuration in the layers above, Consequentdy, this cannod be
considened as a closad and self-contained system such as that
coverad by kecal dynamo theory. Funthermose, since the
magnetic energy growih s lincar and ol exponential, this
ek magnification deecs wel comespond 1o a  FEast-dynanmoe
process (Finn & Od 1988 Cattaneo 950,

In an atienpd 1o isolae e magnetic cnerpy growth process
in the chromesphene, & mentioned, we nehde the maonetic
cnergy whene we have subtracted the Poynting flux ai the
boundarics of this selecied domain (black line in Figune 33
Mote that in thal case, the incresse B evien faser. This has i do
with the fact thai the initial veriical magnetic feld is negative.
In the opeosite scenario, e, asuming thal on average the
viertical magnetic field sign is eversad, the Poynting fux due 1o
horizontal motions (—8, (x5, + a0 80 will beoome negative,
In that case, the magnetic energy increase will be smaller than
when sublracting the magnetic fux (blue line in Figune 33,

The magnetic energy incresse in the lower chromosphen:
comies neither from the emerpence of photoapheric field nog
diffusion, but instesd represent the increase of Geld in sif.
Firsi, & mentioned above, Fipure 3 aleady takes into acoount
any imooming or oulgoing magnetc fTux, Magnetic diffusion
cannad b responsible & the magnetic encrgy at ¢ = 08 Mm is
larger than ai the neighboring heights during  the  firsi
L5 minutes. In fac, magnetic cnergy s iransponed away from
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the chromeaphere while the magnetic enerey i the chiomo-
sphere s still ncreasing (see Section 3.2

I ois inderesting that the lower-chiomospheric magnetic
cnergy increascs in siu (Figuses 2 oand 3) since the kower
chromosphere is nod, in principle, dominated by the same
physical processes as those goveming the convection 2ome . The
dynamics in the wer chromosphere ane dominaied by shocks
driven by the convective motions occumring below. These
shocks have many souross and propagake in many directions a5
secn in Figuse < and the comesponding enline aninmtion. Boih
figure and animation show the temperature, horizontal velocing,
and wentical and hos rontal magnetic field maps 2 5 = 008 Mm.
The equipanition beaween magnelic and kinetic energy are
shown in black contours, e, locations where £, = £ . Ad this
height, mos of the tme and almest everywhere, plasma 7 s
higher than |, whene plasma (7 & the ratio of the gas pressume o
the magnetic pressure. The magnetic feld B compressed and
advected with the shock frons. In the animation one can alsao
s how both the horzontal and verical magnetic fields
imcrease with time.

The magnetic feld orentation bocomes horizontal more
rapidly in the ower chromosphene than inthe layers above and
blow. Node that initially, the model contained a weak ventical
fizld configuration. Figure 5 illwirakes the magnetic feld
orientation {5,150 as a function of height (horizonial axis)
and time {oolor-scheme). B B interesing 1o see that during the
frd [0-15% minutes the field & more horizental in the same
height range within the chromosghene wherne the magnetic Geld
grows faater. When the simulstion reaches a sieady saie, the
magnetic feld has almost the same orentation from the uppers
photosphere =03Mm) io ihe lower chromosphere
{5~ 0% Mm), i, it is highly horzontal inothis height ange.
This is evidence that the potential feld extrapolation & far friom
the final state inowhich the field is largely horizontal (so0 also
Albbeit 2007, This seems tobe dwe do: (1) the conversion of the
kinetic energy into magnetic energy which mixes the disection

5
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of the magnetic feld, (20 the upper pholoaphere s super-
aliabatic and plaama tends (o expand horizontally streiching
the magnetic Geld, (30 shocks stmeich the magnetic feld &
shown in Section 3.3, Node that these theee processes ane highly
connectod. As mentioned above, the magnetic energy ncneas:
in the chromoesphenz is nod exponential, but linear with time.
This & due w the Fact that the lower chromosphere is nod a
turbulent plasma, & detiled inthe folkwing section. Nae also
that the simulation reaches a feady stale with more or less
constant magnetic Geld encrgy Fasier {15 minwes) than in the
photesphene and much faser than in deeper layers {compare
with Wikgler & Schilssler 2007; Rempse] 2014 ).

A1 Koetie Energy

The increase of the magnetic energy in the lower choomao-
aphene shown in Figuse 3 is due wo a transfer of kinetic energy.
The initial chromespheric velocity Geld was set i zero and thus
ihe simulation staned from a static aimesphere. Yerny rapidly,
from the beginning of the simulation, photosphernic convective
medions drive a kinetic encrgy increase in the chromospherne, A
sieady siate 5 reached in the first couple of minuies as shown in
the tw o bottom pancls of Figure 2. The mean kinetic encigy of
the imitial transients in the cwomosphere i low ensugh
compared o the steady state reached lter in time 1o be
cxchnded & a source of the increase in energy, rather that
comes from the continual pumping of acoustic energy from the
photeaphene, Consequendy, the steady staie sinulaied simoes-
phere is ned a result of our inital conditicns bt sather of the
self-consistent physical processes happening in this region.

The kinetic energy within the bwer chromospherne & of the
same magnitude & the magnetic encrey which sugoesis thai the
kinetic energy is responsible for the prowih of magnetic
cnerpy. The fact that the kinetic and magnetic energies have
similar magnitudes within the lower chromesphen: i such a
short periosd of time (~ 15 minutes) means that the conversion
from the kinetic energy 1o magnetic energy & rather efficient.

The kinetic energy decreases mone slowly with height in the
lower chromoesphens {7~ 008 Mm) than it does in the upper
photosphene {2~ 05 Mm), e, the pradient of the kinetic
cerpy is smaller nothe Jower chyomosphere than in the upper



Te Asvrmornveca . Jouese STE:40 (13ppk 20019 Jee 10

— s==l L FIn
—— =000 Hm
— ¢ 201 Hm

Homr, B Pl poer speszs

100 I ut !
ER R L
Figure & Moenolized power speanen of the kisene crgy b soaller o
e ol soa b Gl - 10 B~ i e cRecenosple e 7w 00X Blen, e )
than B derper bvess sech s @ ke comvemion oo (7w =1 Mo, bl
plecoegpla e (7w 0 o, cmisgre)

phoiosphene. In fact in the upper phowsphere, the kinetic
cnergy per gram (hotiom panc ) drops a5 a funciion of height
and reaches a local minimum & 2= 05 Mm. Above ihat
height, the kinetic energy per gram then increases sapidly from
=05 w ;=08Mm, afier the simulation has reached a
steady state. Inthe middle and wpper chromospherse the kinetic
cnergy per gram koops increasing with height, which & due the
density doop and fows moving aleng the magnetic fGeld lines

Figure & shows the normalized power specinem of the Kinetic
energy al three different heights, Mote that none of these follow
a power-law slope. Comequently, the convective motion in the
photosphene, and shocks in the chromosphene ane nol, properly
speaking, aturbulent Awd. Instesd these kinematic Gows have
prefeental scales due 1o the dominant processes that play a
mele, Qe the poossses dominating the physics and ithus
dynamics in each of these locations ane very different; in the
convection mone  slow  convective upllows camy  entropy
upweards while fasier down-flow lanes are the sies of falling
ool gas. In the phowsphere it is convective motions and
radiative kacs that dominate, while in the lower chromosphenc
propagating shocks ane the main source of dynamic motions.
Therefore, @ indergranular  lengih scales (- 1000 km,
kz 10 M ")y the nomwalzed power spectrum of the kinetic
cnergy 15 greater in the convection zone (2= — | Mm), and in
the photosphere (=100 than in the lower chromosphere
(=048 Mm). This may be bocause intergranular lane sinc-
tures are nod peesent inothe bewer chromosphere. The main
conribution from photospheric granular scales present in the
chiomosphere comes from te wave patiems gencraked via
photospheric modions (p-modes). Because of the density drop
with height, these waves beoome shocks in the chromosphene.
Sinoe these shocks often collide, the shodk patiemn in the
chromosphere meveal extremely thin elngaked stmctunes,
which are much thinner {a few km) than the sructuses in the
photosphene like the tergranular  lanes (- 100 km) The
alliding shacks produce very namew struciures and this may
cxplain why the relative power spactrum of the kinetic energy
i5 prester al very small-scakes i the lower chiomesphens {~ 10
km) than that found st lower heighis,

In the chromoesphere, the magnetic feld is srongest behind
shock fronts or where, eviously, different shock fronis have
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al Lidied tosgether, both regions containing melatively mikl Sows
The regions with strong magnetc Geld ae thus et al the
loscation of shocks nor in regions with the fasiest fows. Though
it 5 oa subile difference, one may be able 1o see this in the
animated version of Figure 4. In addition, we find no
corelation between the magnetic held grength and the veloc ity
(. shown ez,

We also investigate shear, stretching, and compression of the
plasma in the lower chromesphene, Figure 7 shows maps of the
magnetic feld strength as well & diverpence, shear and
rodation of the plasma {see corresponding online animation).
These components of the velecity gradient {panels (B0
nicely show the locations of shocks, In the shock fronts and
where the shocks collide, there & lrge compresaion, shear, and
rotational metions, Close visual inspoection of the animated
Figure 7 shows thai the magnetic field incresses after a shock
pesacs through. This is in agreement with the 20 hisiogram of
the maenetic Beld with divergence, shear, and rotation of the
vielocity shown in Figure £, Due 1o the fact that the magnetic
fic k strengih increases behind the shocks, these 20D histograms
show that regions with large magnetic Geld strength ae in
locations with low velecily gradients. 1t is also very imposiand
to e that the various components of the velocity oradicnt
show a strong incresse in the lower chromesphere, shown in
Figure 9, sugpesting that these are siretching, twisting, and
felding the magnetic field lines in the chromosphere. In odher
words, the magnetic Beld increases bocause the velocity feld
changes spatially. In this figure we added the gradient of the
vielocity perpendicular o the magnetic feld (red). This term is
direcily linked to the process thal bends and streiches the
magnetic ield, ie., vanations of the velecity ongitudinal w the
magnetic feld will nod bend or streich the magnetic field.

A2 Povaring Flox shrowgh the Anmesphere

Lt ws consider the iranspon of magnetic energy theough the
aohar atmosphene. 11 is well known that the Poynting fux in the
Comveclon Done i negative, e, magnetic field is being carriaed
downwards from the photosphere through the convection zone
iMosdlund 2008Y in guict-Bun regions. Less clear is what
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happens within the chromosphene and how magnetic fickd is
transporied there, Abben & Fisher's (2002) numerical model
shows that the Poynting fAux changes sign in the photosphere,
and booomies pocitive. I the opper phooaphere, it doops 1o
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almos zens, Nole thal the radiative lsses westment in their
migdel s rEiher simplifod.

Figure 10 shows the wal {in black) Poynting  fux
= Jm u o= B o= BAN and the advective component only

= _r By, A0y ofthe Poynting fux a6 a functon of height

u'f-_m,u:-_d awvier the horizental plane and over 4 minwies in time,
The shock deminated nature of the cheemosphene indwosd by
the pomede waves from the photosphere makes the time
average nocessary as these uxes vary swongly in time. The 4
minuie time average is taken from f = 66 minwies where the
chromospheric field has reached a sweady state. This can be
clearly seen in the animated Figuse 10, which shows the same
lines shown in Figure |0 as they evolve in time. The figure
shows that the advective component {Blue) is on average
negative up ooz s 02 Mm. Likewise, the total Poynting e,
Py is negative, also in the phoosphere. Above this point the
advective component, P, booomes poditive, e, magnetic feld
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i5 emerging, and increases in amplioede up 1o 2 = 05 Mm.
This megion is where the overshood of photospheric granular
medions ends and where plasma motions become  shock
dominased. Al prester heights, the advective component P is
negative and very close (o mero within £ = [(0L55, 0075] Mm.
The total Poynting flux P, in this region also poes 1o meroe, We
find that the nel upper-photospheric magnetic feld s nod
cxpanding 1o higher layers. In fact, on average a samall amound
of magnetic feld B wansponed from the lower chromosphere
{2 o= [055,0075) Mm) to decper layes, Note that, a5 mentionad
in the previous section, the sveraged magnetic field is negative,
in a more mixed polanty scenarie, de., (B =0, the wdal
Peynting Aux as a function of height (hlack lined will he
dominawd by advection of magnetic Geld, and closer 1o the
bluez line.

In the animated Figuse 10, the advecied magnetic fux {P)
within £ = [055, 075 Mm is seon (o incresse from relatively
larpe megative valoes (at 1= 560 00 nearly sero towand the end
aof the simulation. Consequently, during this peried, st heights
of 22 05 Mm the magnetic feld grows due w advected fux
coming from both shove and below. Above £ = (L7585 M, the
Foois positive and the magnetic feld expands wowand the
COFOE .

By comparing Figures 3 and [0one can see how some of the
miagnetic encrpy generaied within the lowesr cheomosphene is
boih expelled i lower layers 2 ~0.5 M) and wransposied 1o
greater heights {2 =008 Mm). This confims thai the lower
chiomosphere is continueusly conventing kinetic energy  into
mAgnelic enerey.

In the simulation the netl adveciive component of the
Peynting flux, P, & dewnwards in e upper photmphene dus
1o the entropy deog and the tumover of the convective motions.
In the photosphene, the plasma is super-adishatic; conse-
quently, most of the plaama s advected (ogether with the
miagnetic k) to te downfllows, Therefone, the magnetic field
mius be guite buoyvant 1o cross this region (Acheson 1979,
Archontis el al. 2004 Despite this, a small fraction of
magnetic beld does reach the chromesphene (a5 scen inthe red
line Figure 100, and thene are emerging events tha seach the
chiomosphere . However, the net iranspert of magnetic feld is
dovenwand. {Investigating the dynamics and evolution of the
photospheric magnetic feld that does wach the chromosphere
roquings a separaie audy and s outside of the scope of this
waork. This component of the field is nod imponant in the
simulation described hene )

J.3. Field Srracrare

An imponant aspect of this study lies in revealing the
magnetic feld stncture and s evelution within the lower
almosphere. We focus on how chiomespheric dynamics are
absle 1o stretch, twist, fold, and reconnect the magnetic Gk, In
this section we will describe the different iypes of magnetic
structures formed in situ in the chromesphere &5 a mesult of
these actions,

A3 Photospherie Field Suciures
Before we describe the structures in the chromospherne let us
fior compar son give a wery boiel description of the stucures
found in the photesphen:. We find that our modeled photo-
aphere is filled with thin emerging Aux tube loops that cover
oanly postions of the granules, like the example shown in the lefi

Bl ez 2- Sy e al

pane ] of Figure |1, We also find examples of weak fux sheets
that covier entire granular cells, eg., as shown in the middle
pancl of Figure 11, Such srucwres have boen analyzed in
depih by Moreno- Insenis ef al. 20018) and observed by De
Ponticu {20027 and Centene et al. 200710 An example of a
thid type of ficld sSmcwre that ofien appears in the
photosphene & the magnetic el canopy that expands from
ihe phowsphene 1o greater heights (seen in the right panel of
Figure 11, see also Baine Dalda e oal. 2002 de la Cruz
Rodriguez et al. 2013). Kince this numerical model has very
weak larpe-scale connectivity, the magnetic field in the
canagies 15 mootad in intergranular lanes, and spreads drastically
in the upper pholosphene and lower chromosphere instead of
reaching all ithe way 1o the comona. The exampl shown in
Figure |1 meaches a height of £ = 05 Mm. Aside from spatial
resolution, the main differencss between the model shown here
and the two models describad in Moseno-Insentis et al. (20018
and Sainz Dalda et al (20020 ane that the moedel in the corment
paper does nod include magnetic flux injected through the
botom boundary, and does ned have an initally strong
magnetic Beld configuraiion. Instead, the magnetic field has
boen buill up in the photesphene theough the action of kinetic
ik mEgnele enerey conversion from the convective modions
starting From a very weak venical feld. In addition, due 1o the
high spatial sesolution and sesuliing amall-scale  stucures
fipund in the downilows, we find even thinner fux tubes than in
the previous models. Ancther difference is thai many of the
fux shocts and tubes in our mosde]l have highly cwved and
reconnaected feld, Le, the magnetic field lines have a highly
comples connactivily within the photosphene.

A32 Chromospherk Fleld Shucires

Mo conaider the chiomoesphene, The first thing neticad is
that the magnetic fekl stocwre there s wery  diffierent
companed o the phowspheric stroctures described above. The
magnetic Geld connectivity betwoen photospheric and chromo-
apheric strucures B very complex and i is difficul 1o directy
irace {so0 alko Abben 2007 Chromoespheric magnetic features
remain in the chromosphere without any clear connection o the
photosphene al all, a field line typically covers digances of
many megametes al chromospherc heights be fore desoonding
{or azscending) and connecting 10 the photospheric  {or
oorsnal) feld.

Lt ws now fwen bo the stmectures found in the bower
chromosphene. Twe types of strectuses are Found 1o dom inate
the very comples field configurations associated with the local
growih of chromesphenic magnetc encrey. Both cases share
somme progenies: al ong or both ends, the magmetic Geld lines
defining the strecures expand like the peiak of a flower, ie,
magnetic Beld lines spread ouwl in a plane o0 cup shaped
cnvie kepe . One or bodh ends. of the structiuse can oo & greater of
lower heights, Both types of structunes ane formed in situ in the
chromosphen: . Finally, they have in common that they are very
confined along, & least, one axis, Le., the srocures appear as
thin {elengaied o shor) shests or thin flux tobes. The widihs
can e @ amall & oa few tens of kilometers,

The first typee of structuse, vsually smonger and reaching
grcater heights within the chromesphere than e other, is
oriented in the ventical direction with field lines ocalized a5 in
a flux whe, They are wsually found behind shock frons o
where different shoclk fronts have collided. One example can be
seen in the wop panck of Figure 12 and the associsted
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animation. The struciure shown reaches field strengihs of up o
=5 5 and heights of up 1o 1.5 Mm before weakening due 1o
expansion. The streciures of this type that we have managed 1o
follow have lifetimes from a fow ens of seoonds up dooa fow
minwies and travel horzeatally thsough the chromosphens st
apparent speeds between 0 and A km s, In osder 1o measure
the appanent horizontal velocities of the venical magnetic field
structures visible at chiomospheric heights, we applicd Local
Comelation Tracking (LCT™ November & Simon [988), The
apparent speeds of the magnetic field strociures are oughly
similar 1o the real plasmea Gows

The second type of structuse is a thin sheet, lying alimost
paralle]l o the swface i the lwer  chromosphere
{05 0608 Mm) a5 shown in the botiom row of Figuse 12
and the asociated animation. Noie that these shoss ae very
different from the photospheric Aux sheets described st the
beginning of thie section (Mosene-lnsertis et al. 20018 These
structures form in s and et due W Aux emergence and
compression in the oversheod layer. In additon, the strecse's
scale size and shape ae nod asaociied wih granular cells
These strwciuses @re fat with horizonial widihs of several
hundred kilometers, socurring over a namow height range (a
few tens of kilmeters), and s long a5 a couple of granulay
cells. The examples of such sheets that we have analyzsd are
secn 1o be creaied as a consequence of ineractions between the
twhe like strocture described  previously with horizontally
traveling shocks. In this case the magnetic feld is anongly
stretched deforming tubes indo sheet-like stmcures. These can
live wge 1o~ 15 minukes. They weaken toward the end of their
lifetime due o reconnection and plisma expansion. The sheet-
like simcires can travel a1l horizontal speeds =2kms ™" and
can alse be moved 1o deeper lyers, whene reconneclion more
casily occurs with phowosphernc field lines, The example shown
in the lower panelk of Figure 12 meaches magnetic feld
arengihs of wp to 65 O, and wwarnd the end of it life is found
between 2 = 005 and 0,65 Mm above the surface. As inthe first
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case, the connectivity to the photosphene is broadly spread, or
the struciure might not be properdy connected 1o the kwer
layers at all. Consequently, bodh ends of the field srucure
apread over many different locations. In this case in panicular,
e end s in the photosphere, straddling a granule while the
ather end spreads over a wide region in the corona.

The flue tubes described above ane Pormad by passing shock
fronis or by collsions between shocks, Consequently, they ane
nod connected o any single location inthe phoosphere, insead
spreading  over a large  area, indo many  and  complex
photesperic fux tubes and shoets, Sometimes, these stnewnes
traviel i oa different direction than the patiems in the
photosphen: below them.

J.d. Becemiine crimt

The complexity of the magnetic fickd in the chromosphere
doszs nod allow us 1o discern simple magnetic meconmection
events. Fipure 13 shows an example of reconnection in the
chriomosphen:. This magnetic featune comresponds o the same
feature shown in the dop pancls of Figure |2 The magnetic
fic kdl lines from the magnetic featune ane foldad and meoonnoctad
with the same Teature within the chromosphere. This happens
continuously in the proximity of sheck fronts and in the
vicinity of the two Dypes of strectunes deseribed in the previous
st i,

In cder toestimate the amplitude of reconnection within the
A0 numerical demain we messure the Joule heating per
panticle, rato of the comrent and magnetic srength {0,/ &), and
current parallel io the magnetic fheld. These theee parameiers
are indicative of magnetie reconnection and  qualitstively
provide the same conclusions in our simulation a5 detailaed
below. W find that the magnetic field reconnects mone ofien in
the lower chromosphere than in is neighboring layers in the
simulated simosphere. The top panel of Figwe 14 shows the
horizenial mean of the loule heating per panick s a fonction
of height and time. The Joule heating por pantick: drops in the
uppeer phowsphere and shows a drastic inorease with height in
the lower chromesphene. Mok the similariies of the Joule
heating per panicle, kinetic energy por panticle (Figuse 27 and
the various components of the velecity gradient (Figune 9 a5 a
function of height within the lower stmoesphenz, This shows the
atrong felationship betwoen these three procesaes in the lower
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chromosphere . Even though both the current and magnetic Geld
strengih decay with height, inthe lower chromosphere the mitio
of the cument and magnetic stengih  (middle  panel  of
Figure 143 has a local maxinwm that is ndicative of the lage
number of reconnection events there. 1 B also remadable that
in the upper phoosphere (0034005 M) the heating per panicle
and | 1]/ [ ane relatively larpe compansd 1o neighboring layers.
This suggests a highers reconnection rate. The curnent parallel 1o
the mapgnetic field (bottom pancly, in agreement with the other
iwe described above, shows lower values in the upper
photosphene and a lecal peak in the lower chromospherne.
Consequently, reoonnection is a process thatl kads 1o a lack of
connectivity between the phowsphere and chromosphene .

Since the econnection & ina high plaama Fregime, Le., gas
pressure dominaies, the reconnection processcs o the lower
chromosphere and upper photesphene do ned show neconnec-
tion Aows. Instesd, one can see in the animation of Figuse 7
that the lower chromosphene is dominated by maeneloasoustic
shocks.

4. Discusslon and Conclusions

We have performed a 3D radistive MHD  numerical
simulation from the upper convection zone o the lwer
corona. The model has high spatial resolition, a weak initial
magnetic  field configuration, and dess not include  the
inroduction of new magnetic Tux through the boundaries. As
aresull this experiment allows us 1o gudy in detail the impact
of the phooapheric magnetic field from the quict Sun on the
chromosphene as well & the growih of chromespheric magnetic
cnergy  in oa selfconsisent simulated  solar  simospherne.
Howewver, due o the very specific semp of the simulation and
s progeertices, one must be aware of the rather simplified
scenario of this mode]l s follows: te unsigned magnetic field
strength in this model fesembles a very guiet nteme iy ook
region. Forther comparsons with photospheric observations ane
necded 1o cstablish how well this model represents the solar
atmesphere,  Many  suwdics  have  shown that  larpe-scalke
connectivity plays a key role in the energy wansfor {e.g., Peter
@l al. 2004 Gudiksen & Mosdlund 20050 Hamsteen et al . 2007
Mot that our simulation aims & represent a amall region of
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iniemetwork  field. However, and  despite the  simiplified
socnane studied here, we can addiess how a phoospheric
fickd impacts the aimosphere and the conversion from Kinetic
cnergy  indle magnetic energy  in the  chiomos with
iniemetwork felds.

The mean magnetic fux from the phodosphere  cannod
maintain the amount of magnetic enerey in the chaomosphe e,
From previous sudies, i is well known that the Poynting ffux
in the convection zone B negative (e.g., Nosdlund 20085,
Howewver, i has boen less clear what is happening & greaters
heights, The reaiment of the radistive wransfer in the lower
aimosphere is crucial for this {compare our resulis with these

=y

by Auneari et al. 2005, which does nod include a full reatment of

the radiative losses and doses nod have a selfconsitently heatad
sobar amosphere ). Our resulis reveal that the magnetic feld
peneraied by kinetic motion acting in the upper convection
wone and  photosphere does et reach, on average, the
chromosphere . B B twe that there B some magnetic Mux ihai
reaches the chromoaphene. However, due 1o tumover of the
convective motions, the super-adiabaticiy and strong  down-
fows inthe photespherse, the amount of magnetic M that is
remevied from the chromosphere ine deeper layers s larper
than the amount that reaches the chromosphene from below .
Our numernical experiment shows a mechanim o conven
kinetic  energy  inte magnetic  energy  in the  lower

£ kon s~ vermcal vehoC Wy O e LT 0 mi B0 sfacvin s

chromosphene . This process invelves stretch-twist-fold  and
reconnaecting the magnetic field; however, it B n a fasi-
dynamo process since the growith of the magnetic energy is
found o b2 linear and nod exponential. The growih is lincar
bocause the Bow is ned fully turbulent. Instead, the choomao-
aphere B dominsied by magnetized shocks. Another impoaiand
propeer iy thal separaies this process Trom a local dynamo is that
it is nod a clesed system and there B a srong connection of
cnergy and work transfer between different layers.

The magnetic fiekl swength seached in the lower chiomo-
aphene is of the order of a few tens of Gauss, With these valees,
one would expoct that the magnetic festures formed due 1o
shocks in the chromosphese could e observed with the new
generation of dekscopes, e, the Daniel K. Inouye Solar
Telescope (DEIST; Wamer e al. 2018 or the Eusopean Solar
Telescope (EST; Matthews @ al. 20065 The diagnostic
ptential mus be fully tested with full synthetic Swkes profiles
in chromespheric lines like Ca 11 H, 8542 A, Na1 D 5896 A or
Mg 15173 AL These featunes will be barely conne cled o dosper
layers and highly confined in small regions.

From fhese resulis, a follow-up question 1o address s
whether the magnetic energy generated from the Kinetic energy
could be disipsed o themal encrgy. In this case, ion-
newiral interaction effects, Le, ambipolar dif fusion {Bragins-
ki 19650 and nonaguilibs vm jenization (Lecnsans e al. 2007
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Figure 14 The bovear chircenceplane e b Lo e o os prooss s das
the wpper pleotcs phere. The Borirell meas of g Joadle Beaning per pamick:
(P} oo bereees ceresd ond magseic field awegd niddle pasel) o
cleco comest paralle] oo g moggzene field foteen pazel} ore shows o= o
femrmoe of Bl aed e | oodor- sobe e

Golding @1 al 20014 should ke tken inte account self-
consistenty {1 Martinez-Sykora ei al. 2009, in preparation).
Ehomenkae o al (20018) included ambipelar diffusion in kecal-
dynamo simulations that expands into the low chromosphere
and showed that the ambipolar diffusion is capable of
dissipating the magnefic energy peneraied by a local-dynamao
inde thermal enerey see also Khomenke & Collades 20102

Bl ez 2- Sy e al

Martinez-Sykora @ al. 2007, 2007h). Missing componenis in
the Khomenko @ al. (2018) sinulations ane a proper ireatiment
of the chromospheric radiative transfor, as well a8 none-
quilibrium ionization. Conseguently, their work focuses on the
photosphene upper phooapherne. Nose that ambipolar diffusion
may alse impact quantitatively our mesuls/valees, bul we
believe that qualitatively the findings studied in this paper will
remain valid.
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