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ABSTRACT

Context. One-dimensional, semi-empirical models of the solar atmosphere are widely employed in numerous contexts within solar
physics, ranging from the determination of element abundances and atomic parameters to studies of the solar irradiance and from
Stokes inversions to coronal extrapolations. These models provide the physical parameters (i.c. temperature, gas pressure, efc.) in the
solar atmosphere as a function of the continuum optical depth 7.. The transformation to the geometrical z scale (i.e. vertical coordi-
nate) 1s provided via vertical hydrostatic equilibrium.

Aims. Our ut employ-
ing the more general case of three-dimensional magneto-hydrostatic equilibrium (MHS) instead of vertical hydrostatic equilibrium
(HE).

Methods. We employed a recently developed Stokes inversion code that, along with non-local thermodynamic equilibrium effects
considers MHS instead of HE. This code is applied to spatially and temporally resolved spectropolarimetric observations of the quiet
Sun obtained with the CRISP instrument attached to the Swedish Solar Telescope.

Results. We provide average models for granules, intergranules, dark magnetic elements, and overall quiet-Sun as a function of both
7. and z from the photosphere to the lower chromosphere.

Conclusions. We demonstrate that, in these quiet-Sun models, the effect of considering MHS instead of HE is negligible. However,
employing MHS increases the consistency of the inversion results before averaging. We surmise that in regions with stronger magnetic

fields (i.e. pores. sunspots, network) the benefits of employing the magneto-hydrostatic approximation will be much more palpable.

Key words. Sun: photopshere — Sun: chromosphere — Sun: granulation — Polarization — Radiative Transfer — Magnetohydrodynamics

(MHD)

1. Introduction

One-dimensional, semi-empirical models of the solar atmo-
sphere are extremely important and useful for a variety of
reasons. They have been used to determine solar abundances
(Grevesse et al.|/[1989; Blackwell et al.||{1995; Holweger et al.
1995} Bellot Rubio & Borrero|[2002; [Borrero||2008) and tran-
sition probabilities in spectral lines (Gurtovenko & Kostik
1981} [Thevenin| |1989, [1990; Borrero et al.|[2003) by fitting
the solar spectra. They can also be used to study the solar
irradiance and its variation during the solar cycle (Unruh et al.
1999; Krivova et al|[2003), or to assist in the extrapolation of
magnetic fields from the photosphere toward the chromosphere
and corona (Wiegelmann et al.| 2013} 2015; Nita et al. [2018}
2023). Finally, they are also very useful as initial guesses to
initialise spectropolarimetric inversions (de la Cruz Rodriguez
et al.|[2016; Borrero et al. 2016; Kuckein et al.| 2017} |Pastor
Yabar et al.| 2018 |[Kuckein| 2019; [Pastor Yabar et al.| 2020;
Grinon-Marin et al| 2021}, to investigate the formation of
spectral lines using contribution and response functions (Bruls
& Rutten![1992; [Borrero et al.|2017; IMili¢ & van Noort/ 2017
Vukadinovi€ et al.|2022), to study the turbulent solar magnetic
field via the Hanle effect (e.g. Mili¢ & Faurobert|2012), and to
determine canonical values of radiative losses in the lower solar
atmosphere (Sobotka et al.|2016; |Abbasvand et al.|2020).

The most widely used models correspond to average
quiet-Sun models, such as HSRA (Gingerich et al| [1971)
and HOLMU (Holweger & Mueller [1974). Multi-component
models, where the quiet Sun is split into average granular and
average intergranular contributions, have also been presented
(Borrero & Bellot Rubio|2002). Available models of the mag-
netized Sun include average network and plage models (Solanki
1986; |Solanki & Brigljevic|[1992), penumbra (del Toro Iniesta
et al. [1994), and umbra (Maltby et al.||1986} |Collados et al.
1994). A series of models for various solar features (quiet Sun,
sunspots, plage, etc.) have been presented by, among others,
Cristaldi & Ermollil (2017)), as well as those commonly referred
to as VAL-models (Vernazza et al||1981) and FAL-models
(Fontenla et al.| [1993] 2009). All the aforementioned models
provide the temperature, density, gas pressure, and sometimes
the magnetic field and line-of-sight velocity, as a function of
the continuum optical depth 7.. While some of these models
only cover the photosphere (7. € [1, 1074)), others also include
the chromosphere (7. € [107%,107%]) and even part of the
transition region (7. < 107%). One common feature among
all these one-dimensional semi-empirical models is that the
z scale is calculated using a gas pressure obtained under the
assumption of vertical hydrostatic equilibrium (HE). A better
estimation of the gas pressure and, therefore, of the z scale
can be obtained if we apply three-dimensional magneto-
hydrostatic equilibrium (MHS) instead (Borrero et al.| 2019,
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2021). Although this is particularly the case of regions where
the magnetic field is strong (i.e. sunspot, pores, plages, etc.),
as a first step, we apply the aforementioned MHS method to
the determination of one-dimensional semi-empirical models
of the quiet Sun (granules, intergranules and dark magnetic
element) here as a function of both the continuum optical depth
7. and geometrical height z for the photosphere and lower
chromosphere: 7. € [15,2.5 X 107°]. To this end, we perform
MHS Stokes inversions of spectropolarimetric data at high
spatial resolution recorded in the quiet Sun in two spectral lines:
one photospheric (treated in local thermodynamic equlibrium)
and one photospheric-chromospheric (treated under non-local
thermodynamic equilibrium) in order to retrieve the physical
properties of solar atmosphere in three dimensions (7'(x,y, z),
E(x, ¥,2), Pg(x,y,2), etc.). Granules, intergranules, and dark
magnetic elements will then be identified in the data, and
average models as a function of z and 7. will be calculated.

2. Observations

A region on the quiet-Sun was observed at the disk cen-
ter (u = 1.0) on April 24, 2019 with the CRisp Imaging
SpectroPolarimeter (Scharmer et al.|2008; [de Wijn et al.|[2021])
attached to the 1-m Swedish Solar Telescope (SST; |[Scharmer
et al.|2003). Although the original data are more exhaustive
(i.e. longer time-sequence, larger field of view), here we only
describe the portion of the data that was used in our analysis.
Other portions of the same dataset have previously been em-
ployed in the study of a vortex tube (Fischer et al.[[2020) and of
a quiet-Sun Ellerman bomb (Kaithakkal et al.[2023)).

In our case, we employed the full observed Stokes vector,
I_;bS = (I,0,U,V), in the Fel line at 617.3 nm and the Call
line at 854.2 nm. The first line was recorded with a wavelength
sampling of 35 mA across 15 spectral positions, from —245 to
+245 mA with respect to the line center. The second line was
recorded with a varying wavelength sampling, but it was later
reinterpolated to a constant sampling of 100 mA in 17 spectral
positions from —800 to +800 mA with respect to the line center.
In addition to this, for the Call line, an additional wavelength
point at +2.4 A from the line center is used to normalise the
spectra. This spectral line features such extended wings that this
wavelength is not far enough away to guarantee that the true
continuum is reached. In fact, at this wavelength, the Fourier
Transform Spectrometer (FTS; [Brault & Neckel |1987) atlas
intensity reaches only 0.76, which is the number employed for
normalization purposes. Table [[| presents the atomic parameters
pertaining to these two spectral lines.

The field of view in our dataset includes 100 pixels along
each spatial dimension on the solar surface with a spatial
sampling of 0.059 arcsec (= 44 km). The total field-of-view of
5.9 x 5.9 arcsec? is sufficient to cover several granular cells’ and
intergranules’ lanes. The data calibration was carried out using
the SSTRED pipeline (de la Cruz Rodriguez et al.[2015}; |Lofdahl
et al.|2021) and was further processed with the multi-object,
multi-frame blind deconvolution code (MOMFBD, [Lofdahl
2002; van Noort et al.[2005). In our work, we used a time series
of 28 snapshots with a sampling of roughly 30 seconds, which
thus spanned about 15 minutes of solar evolution.

The spatial resolution of the data is about 0.12 arcsec, and
the noise level in the polarization signals is roughly 2 x 1073
in units of the continuum intensity. For context we provide, in
Figure |1} images of the continuum intensity in the Fel line (top
left) and core intensity in the Call line (top right) for one of
the 28 snapshots in our dataset. In addition, the line-of-sight
velocities (or v;) obtained from the line core of both spectral
lines are also provided in this figure: Fel (bottom left), Call
(bottom right). The line-of-sight velocities were obtained by
performing a second-degree polynomial fit in three points
centered around the wavelength point with the lowest intensity.

3. Stokes inversion

The observed Stokes vector IﬁobS = (1,0Q,U,V) as a function of
wavelength in the two aforementioned spectral lines is inverted
at each spatial position (x,y) on the solar surface with the
FIRTEZ Stokes inversion code (Pastor Yabar et al.[2019). This
code is currently the only Stokes inversion code capable of
employing MHS equilibrium to determine the gas pressure and
geometrical height z in the solar atmosphere. For this dataset, we
performed six inversion cycles. The reason we needed multiple
cycles is explained in Sect. .1l The configuration of each
inversion cycle is summarized in Table [2| During each cycle,

the y? merit function between the synthetic Izyn and observed

Stokes vector I_;bs is minimized using, as a starting atmospheric
model, the results from the previous cycle. At each spatial
position (x,y), the atmospheric model is discretized along 128
points in the vertical z direction with a step size of Az = 12 km.

During the inversion, the Fel line is always treated under
local thermodynamic equilibrium (LTE), while the Call line
is treated under non-local thermodynamic equilibrium (NLTE)
via departure coefficients (Kaithakkal et al.|2023) in the line
opacity and source function (Socas-Navarro et al.|[{1998| [2000).
The departure coefficients for the upper, Bup, and lower,
Biow, atomic levels are defined as the ratio between the level
populations in NLTE and LTE. Although By, and Bio for the
Call line are kept unaltered during all iterations of a given
cycle (i.e. akin to the so-called fixed departure coeflicients
approximation; [Ruiz Cobo et al.|2022), they are updated at the
end of each cycle. This is done at every point of the full (x,y, z)
domain using the SNAPI code (Mili¢ & van Noort|2017},2018))
and assuming complete redistribution in frequencies. SNAPI
solves the statistical equilibirum equations with a Call atomic
model that includes five bound states and one continuum level
(Shine & Linsky|[1974). Collisional rates are determined using
NLTE electron densities and employing a hydrogen model
with five bound states plus one continuum level (Osborne &
Mili¢| [2021). Since FIRTEZ only uses LTE to determine the
electron density Sahal (1920), we modified it to consider a new
departure coefficient, 8., which is defined as the ratio between
the electron density in NLTE and in LTE, so that FIRTEZ can
also employ NLTE electron densities when calculating the
continuum opacity, mean molecular weight, and gas pressure
(i.e. equation of state) during the inversion. Unlike B, and
Biow> Be 1s not updated after each inversion cycle, but instead
kept constant to those of the initial guess model. The reasons for
this, along with its implications, are discussed in Sect. @

During cycles one through three, vertical hydrostatic
equilibrium is assumed to determine the gas pressure P,. At



Borrero et al.: Semi-empirical, geometrically stratified quiet-Sun models of the photosphere and chromosphere

y [arcsec]
I/leqs in Fe 1 617.3 nm

g

| ! | | ! 3o s

5 = 8
~

S

151 &

= 4T / 1 &
3% o
Q fad
5 3 "— 00|| o
> ol ﬁ. gy O a 2
g

o

&

1 &

n

£

0 -

>

2
x [arcsec]

0.34
£
[=]
o
3) s
[ [eo]
4 =
g 0.28f @
© &)
e c
> &
S

0.22
4
6.0f S
»
[V}
~
l‘. s
3.0f| &
8 [=]
7] ." z
2 3F 0.0} |8
S P . RE
=~ oL L ‘ E i 8

il
£
L] l -3.0f] ¢
e =
wn
1.-II1L__ E
0 | | i | -6.00 —
>N
0 1 2 3

X [arcseo]

Fig. 1. Example of the observations used in this work. Top right: Continuum intensity /; in the FeI line at 617.3 nm normalized to
the average value in the quiet Sun /. o in the same line. Top left: Core intensity Icor in the Call line at 854.2 nm, normalized to the
average value in the quiet Sun I os. Bottom left: Line-of-sight velocity obtained from the core of the Fel line at 617.3 nm. Bottom
right: Line-of-sight velocity obtained from the core of the Call line at 854.2 nm. Points indicated with the + and O symbols are
discussed in Section [£.4]

Table 1. Atomic parameters for spectral lines employed in our work.

Atom  Ionization Ay n, Ad Clow ewp logngf  Ejpy a o/ a(z)
[nm] [mA] [eV]

Fe I 617.334 15 35 5P, Do -2.880 2223 0.266 280.6

Ca 11 854209 17 100 2Ds;, %P3, -0.360 1.700 0.275 291.0

Notes. 4, is the central wavelength for the electronic transition associated with the spectral line; n, is the number of observed wavelengths for each
spectral line; AA is the spectral sampling in mA; ejoy and €upp are the electronic configurations of the lower and upper energy level, respectively;
Ejow is the exc1tat1on potential (in eV) of the lower energy level. These atomic data are adopted from NIST (Kramida et al.[2022). In particular, Nave]
m is used for Fe and |[Edlén & Risberg|(1956) for Ca. The a and o/ a(z) are the velocity exponent and collision cross-section parameters
(in units of Bohr’s radius, ay), respectively, as defined in the Anstee, Barklem, and O’Mara collision theory for the broadening of metallic lines by
neutral hydrogen collisions (Anstee & O’Mara|[1995} [Barklem & O’Mara| 1997} [Barklem et al[T998).

this point, only Stokes [ is inverted. This is done by giving
zero weight in y? to the other Stokes parameters: w; = 1,
wy = wy = w, = 0. The number of free parameters (i.e. nodes)
are eight for the temperature and eight for the vertical velocity.
In order to avoid large grid-to-grid variations in the z direction,

we used a Tikhonov regularization (Tikhonov et al.| [1995))

whereby solutions with large z-derivatives of T'(z) and v,(z) are
penalized in the y? merit-function (de la Cruz Rodriguez et al |

2019).
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To initialise the first cycle, an atmospheric model estimation
needs to be constructed. In our case, we used the temperature
T(z) and gas pressure Py(z) from the VALC model (Vernazza
et al|[1981). The initial departure coefficients Bupp(2), Biow(2),
and B.(z) are also calculated for this model. The same values are
used at each (x,y) position. Vertical velocities v, are initialized
differently for each (x,y) and determined via the center-
of-gravity method applied to the intensity profile (i.e. Stokes
I). The value of v, thus obtained is assumed to be constant with z.

In cycles four through six we fit, along Stokes /, the remain-
ing Stokes parameters (Q, U, and V). Here, the weights in the )(2
merit function given to the linearly polarized Stokes parameters
are slowly increased from cycle to cycle (see Table [2). In order
to fit all four Stokes parameters, we include nodes in By, B,,
and B,. During cycle four, we allow for one node in each of the
components of the magnetic field. This is increased to two nodes
for each component during cycles five and six (see Table[2). The
values for By, By and B, are initialized at the start of the fourth
inversion cycle, at each spatial location (x, y), via the weak-field
approximation (Jefferies & Mickey||1991) and, to begin with,
assumed to be constant in z. The horizontal components of
the magnetic field B, and B, are regularized employing the
Tikhonov regularization, but using a regularization function
in y? that penalises deviations from the zero value instead of
the vertical derivative (as was the case of 7(z) and v.(z) during
cycles one through three). With this we try to avoid obtaining
large values of the horizontal component of the magnetic field
produced by the inversion of low signal-to-noise Q and U
profiles that are often seen in quiet-Sun spectropolarimetric
observations (Borrero & Kobel [2011] 2012). It is important to
note that because the magnetic field is being inverted during
cycles four through six and because the gas pressure is also
being changed, the fits to Stokes I obtained during the first
three cycles can change. In order to make sure that good fits
to Stokes [ are still obtained during these cycles, we also
need to include 7 and v, during the inversion. This is done,
again, with eight nodes in each of these two physical parameters.

Owing to the existence of a non-zero magnetic field in
cycles four through six, it is now possible to obtain the gas
pressure P, while accounting for the Lorentz-force term
(magneto-hydrostatic equilibrium; Borrero et al.|2019)) instead
of assuming vertical hydrostatic equilibrium as in cycles one
through three. To this end, we employed the procedure described
in detail in/Borrero et al.|(2021) (see their Fig. 2) and employed
the following boundary conditions: Pg(z = 0) = 2.755 X 10°
dyn cm™ and Py(z = Zmax) = 1.675 dyn cm™2. These boundary
conditions apply for every (x,y) pixel. The gas pressure P,
thus obtained is more realistic than the hydrostatic values, and
it allows for a reliable inference of the physical parameters
(temperature, vertical velocity, and so on) as a function of the
Cartesian coordinate z (i.e. geometrical height) instead of using
the optical depth 7..

4. Inversion results
4.1. Convergence of Non-LTE atomic departure coefficients

In the previous section, we mention that out of the six inversion
cycles performed on the data, the first three were carried
out with gas pressure P, resulting from vertical hydrostatic
equilibrium, whereas in cycles four through six, the gas pressure

Table 2. Inversion setup. In type 1 regularization, the y* merit-
function is penalized with the vertical gradient of the physical
parameter that is being regularized: i.e. d7(z)/dz. In type 2 reg-
ularization, the )(2 merit function is penalized with deviations of
physical parameters from the zero value.

cycles 1-3 4 5 6
P, HE MHS MHS MHS
Wi 1 1 1 1
Wau 0 1 1.5 2.5
Wy 0 1 1 2
nodes 7T'(z) 8 8 8 8
regul 7'(z) typel typel typel typel
nodes v,(z) 8 8 8 8
regul v,(z) typel typel typel typel
nodes B.(z) 0 1 2 2
regul B,(2) no no no no
nodes B,(z)/By(z) 0 1/1 2/2 2/2
regul B,(z)/B,(z) no type2 type2 type?2

P, was obtained via three-dimensional magneto-hydrostatic
equilibrium (see also Table [2). The reason as to why three
cycles are needed under each approximation is because at
the end of each inversion cycle the departure coefficients are
updated, which, in turn, changes the best-fit Stokes profiles
and thus also the inferred physical parameters. It takes three
cycles of updating the departure coefficients for this procedure
to converge. In order to demonstrate this convergence, in Fig.
we present the spatial (x,y) average of the ratio between the
upper-level departure coefficient, By, and the lower-level
departure coeflicient By as a function of the vertical Cartesian
coordinate z (i.e. geometrical height) at each inversion cycle.
At cycle 1, the departure coefficients correspond to those of
the VALC model, and they are the same at every spatial (x,y)
pixel because the inversion was initialized with this model
everywhere.

The reason for illustrating this ratio is because, at visible
and near-infrared wavelengths, the source function S (7'[z]),
where T[z] refers to the temperature dependence along z, is
proportional to the ratio Bypp(2)/Biow(z). If this ratio remains
unchanged in two consecutive inversion cycles it means the
inversion can be stopped because no further updates are needed
to the departure coeflicients and, hence, the temperature 7'(z). In
the case of hydrostatic equilibrium, we reach this convergence
after only three cycles, as bespoken by the fact the Bupp/Biow 18
almost identical after cycles two and three.

Once convergence has been achieved, vertical hydrostatic
equilibrium is switched off and three-dimensional magneto-
hydrostatic equilibrium is used instead. Right at the end of
inversion cycle 4, we already have an estimation of the magnetic

field B, and, consequently, the gas pressure is calculated under
MHS. This of course differs from the gas pressure under HE,
thereby yielding very different level populations and thus
leading to a new sudden change in the departure coeflicients
(compare the green curve (cycle three) with the red curve
(cycle four) in Fig. @ Therefore, a new series of inversion
cycles under MHS need to be performed until convergence is
again achieved. This occurs in cycle six, as departure coef-
ficients after cycle five (orange) and six (yellow) are very similar.
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Fig. 2. Vertical z stratification of spatial (x,y) average of ratio
between the upper level, Buyp, and lower level, By, departure
coeflicients. Color-codes indicate the values after each inversion
cycle. The initial cycle (dark blue) corresponds to the departure
coefficients obtained from the VALC model.

4.2. FIRTEZ equation of state

As already explained in Sect. the atomic level departure
coeflicients Buyp and Biow are determined, using SNAPI, with a
NLTE electron density. This is important because Bup, and Biow
calculated using NLTE electron densities can differ significantly
from those calculated using LTE electron densities (see Pastor
Yabar et al. in preparation). However, this introduces an incon-
sistency with FIRTEZ since this code calculates the electron
density using Saha’s equation (i.e. LTE |Sahal[1920). In order
to remove this inconsistency, FIRTEZ has been modified to
account for deviations from local thermodynamic equilibrium
in the calculation of the electron density via a corresponding
departure coefficient, referred to as .. Unlike the case of the
atomic level departure coeflicients By, and Biow, the departure
coefficients for the electron density 8. are calculated only once
for the VALC model and kept the same for all (x,y) pixels in
the field of view and for all inversion cycles described in Sect.
(see also Table [2). The reason for this is that the inclusion
of B. in the determination of the temperature via the Stokes
inversion has a minor effect compared to the inclusion of By,
and By, and therefore it is much more important to update the
latter than the former. This procedure does not fully remove the
aforementioned inconsistency, but, judging from the effect that
Be has on the temperature inference, we gauge that our system-
atic error is, at most, of the order of 300 K, which is probably
below the systematic uncertainties of chromospheric inversions.
In order to illustrate this, in Fig. [3] (left panel) we present the
average temperature stratification obtained from the inversion,
for all pixels and all times at the end of cycle 1 in three different
cases: (a) pure LTE inversion (blue; 8. = Bupp = Biow = 1); (b)
atomic level departure coefficients Sypp and Biow, obtained with
NLTE electron density, but Stokes inversion using LTE electron
density (red; B = 1 ; Bupp # 1 ; Biow # 1); and, finally, (c)
atomic level departure coefficients Sypp and Biow, obtained with
NLTE electron density and Stokes inversion also using NLTE
electron density (green; Se # 1 ; Bupp # 15 Biow # 1). As can be
seen, the largest correction to the temperature (= 1000—-3000 K)
comes from considering NLTE level populations. Including
NLTE electron density in the FIRTEZ equation of state typically
yields slightly larger temperatures than using LTE electron
density, but the differences are contained within 200-300 K. For

completeness, Fig. [3| (right panel) provides 8. as a function of
7. as determined for the VALC model and used in this work.

4.3. Maps of the physical parameters

In order to illustrate the reliability of the inversion process
described in Sect.[3] in this section we present several maps of
the physical parameters on the solar surface (x,y) at different
optical depthﬂ The top panels of Figure 4| show maps of the
temperature at log 7. = 0 (i.e. low photopshere) and log 7. = -5
(i.e. low chromosphere). These two optical depths correspond,
approximately, to the height of formation of the continuum in
the Fel line and the core in the Call line, respectively, and
therefore can be readily compared with the top panels in Fig.
The correlation between continuum intensity in Fel and tem-
perature at log7. = 0 is very clear. Correlations between core
intensity in Call and temperature at log 7. = —5 is lower, albeit
still present. This happens because the source function couples
more strongly to the local temperature in the photosphere than
in the chromosphere, as demonstrated by the fact that the ratio
between the upper and lower departure coeflicients is very close
to unity in the photosphere (see Fig. [2).

The bottom panels in Fig. [f] show the vertical (line-of-
sight) velocities v, at optical depths of log7r. = -1.5 (i.e.
mid photosphere) and log7, = -5 (i.e. low chromosphere).
Again, these two optical depths correspond to the height of
formation of the core in the Fel line and the core in the Call
line, respectively. Consequently, they can be compared with
the bottom panels in Fig.|l} A good correlation is also present.
Inversion results for the vertical and horizontal components

of the magnetic field, B; and B, = /B2 + B2, at two optical

depths (log 7. = —1.5,-5) are presented in Fig.[5] As expected
from the fact that the polarization signals are much lower in
the Call line than in the Fel line, these maps confirm that the
magnetic field strength decreases with height. We also note that
the horizontal component of the magnetic field at log7, = —1.5
is concentrated mostly inside granular cells.

4.4. Sample fits to the observations

Two examples of the observed (circles), fitted after the cycle
3 (red dashed lines) and fitted after cycle 6 (solid black lines)
Stokes profiles, are given in Figure [6} These correspond to the
plus (+) and square (O0) symbols in Figs.[I| @ and [5} and are lo-
cated in regions of large positive (B, > 0) and negative (B, < 0)
polarities. The fits to Stokes I are excellent after cycle 3, but
they degrade somewhat after cycle 6, because the polarization
profiles are also inverted and are given larger weights than
Stokes I in order to infer the three components of the magnetic
field. One possibility that was explored, in order to improve to
fits to Stokes I, was to fix the temperature 7T(x,y,z) to those
obtained in cycle 3 for the cycles that followed. Unfortunately,
this produced even worse fits than the ones presented here in
solid black lines because the gas pressure Py(x,y,z) is being
changed despite the temperature being kept the same, resulting
in very different T'(x, y, log 7.). Fortunately, the spatially average

' Although our models are originally inferred in the three-
dimensional (x,y,z) Cartesian domain, it is better to perform the com-
parison with actual observables in the 7. scale.
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Fig. 3. Effects of the equation of state in the retrieval of the temperature. Left panel: Spatially and temporally averaged T (log 7.)
obtained after inversion cycle 1 employing (blue) inversion under LTE; (red) inversion employing NLTE atomic level departure
coefficients and LTE equation of state in FIRTEZ; (green) inversion employing NLTE atomic level departure coefficients and NLTE
equation of state in FIRTEZ. Right panel: Departure coefficient for electron density S.(log 7.) used in FIRTEZ equation of state in

the third case presented in the left panel.

temperature stratification as a function of optical depth T'(r.) is
very similar after cycles 3 and 6, meaning that the errors in the
inference of the temperature in the latest cycle that might arise
from the misfits to Stokes I cancels out after averaging.

Regarding the polarization signals, we deem the fits to
Stokes O, U, and V after cycle 6 to be good (solid black lines),
especially considering that the signals are very weak (below 3
% and 1 % in circular and linear polarization, respectively) and
that we only used two nodes for each of the three components
of the magnetic field (see Sect. [3)). Of course, cycle 3 produces
no polarization signals (dashed red lines) because the magnetic
field was not being inverted at this point.

5. Average quet-Sun, granular, intergranular, and
dark magnetic element models

The average quiet-Sun model is determined from all 280,000
pixels, within the 5.97x5.9” field of view, and all 28 snapshots.
For the other three models, we identify pixels as belonging
to granules, intergranules, or magnetic element depending on
two quantities: the vertical component of the velocity and of
the magnetic field at an optical depth log7. = —1. We refer to
these two quantities as v} and B, respectively. On the one hand,
granular regions are defined as pixels where v; < —1.0 km s7!
and ||Bf|| < 20 G. On the other hand, intergranular regions are
defined as pixels where v} > 0.75 km s~ and 1Bzl <20 G. In
addition, pixels where B} > 75 G are considered to correspond
to magnetic elements. An example of the selected pixels using
these definitions, for the same snapshot as in the previous fig-
ures, is displayed in Figure. [/} We note that the pixels selected
as magnetic elements lie mostly in an intergranular region, and
therefore it is better to refer to them as dark magnetic element.
This is done in order to distinguish them from bright magnetic
elements that appear mostly in the network and plage regions.
Incidentally, our selection criteria for the dark magnetic element
only includes pixels where the magnetic field has positive
polarity, and therefore the pixel marked with a square (O0) in
previous figures is not actually counted in the average. Once
all snapshots are considered, we have a total of about 30,000,

20,000, and 5,000 pixels belonging to granules, intergranules,
and dark magnetic elements, respectively.

After granular, intergranular, and dark magnetic element
pixels are selected, we construct the average (which corresponds
to a spatial and temporal average) in our entire dataset as a
function of the vertical coordinate z. This is done for the tem-
perature T'(z), gas pressure P,(z), vertical velocity v,(z), vertical

B.(z), and horizontal B,(z) =

magnetic field. The density is not calculated by averaging, but
rather via the equation of state from the averaged temperature
and gas pressure. Once the density is known, the opacity and
optical depth scales for the spatially and temporarily averaged
models can be calculated. The resulting one-dimensional
semi-empirical models calculated in this fashion are provided,
with a reduced sampling (Az = 36 km) in Table[A.T] (quiet Sun),
Table (granular model), Table (intergranular model),
and Table (dark magnetic element model). Models tabulated
with the original Az = 12 km sampling can be obtained elec-
tronicallyﬂ From all the provided physical parameters, the most
useful ones are the thermodynamic and kinematic ones. The
temperature and vertical velocities are illustrated in Figure [§]
both as a function of z and log 7.. Uncertainties in these models
are discussed in Sect. [ We note that very similar average
models would be obtained using only one snapshot from the
available time series, but we decided to consider all of them to
account for the different stages in the evolution of the studied
features.

/B3 + B} component of the

It is important to note that comparisons with previously
existing semi-empirical models should be done with care,
especially if those models were obtained from the inversion of
spatially and temporally averaged Stokes profiles. As demon-
strated by |Uitenbroek & Criscuoli| (2011) and Mili¢ et al.
(2023)), for example, due to the non-linearity of the radiative
transfer equation, the average atmosphere obtained from the
inversion of many Stokes profiles is not necessarily the same
as the atmosphere resulting from the inversion of the average
of those Stokes profiles. With this in mind, we now focus on

2 https://cdsarc.u-strasbg.fr/ftp/pub/J/A+A/. ..
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some of the properties of the inferred models as presented in
this figure.

In the average granular (blue) and interganular (red) mod-
els, we observe a temperature reversal between granules and
intergranules in the log 7, € [-1.0,-3.0] or z € [0.25,0.50] Mm
region (see left panels in Fig. [8). This is in agreement with
existing models (Borrero & Bellot Rubio| 2002} ;hereafter
referred to as BBR2002). This reversal gives rise to what is

known as reverse granulation (Gadun et al|[1999; [Cheung
2007). The vertical velocities (right panels in Fig. [8)

indicate that convective motions are mostly present in the lower
photosphere (log7, > —2.0 or z < 0.40 Mm). Above this
height, intergranular velocities reverse and turn into upflows,
while granules are essentially at rest. This is also in quantitative
agreement with BBR2002. The main differences between our
granular and integranular models and those from BBR2002 are
that (a) we use spatially revolved (with high spatial resolution)
observations; (b) we extend the models to the lower chromo-
sphere (log7. € [-4,-5.6]); and (c) we also include a more

reliable z-scale.

The temperature in the average dark magnetic element
(green) features a large temperature enhancement, with respect
to the average quiet-Sun model (black), of about 300-400 K at
around log 7. = —2.0 or z = 0.4 Mm. This is in agreement with
network and plage models (Solankil[1986}; [Solanki & Brigljevic]
[1992} [Cagg et al|2010). Unlike these aforementioned models,
where the temperature enhancement is present at all optical
depths, in our model the temperature in the deep photosphere is
not enhanced with respect to the average quiet-Sun model. This
occurs because our magnetic element lies almost entirely in a
dark intergranular lane (see Fig.[7). This also explains why the
inferred vertical velocities in the dark magnetic element are so
close to that of the intergranules.

The z location of the log 7. = 0 (i.e. Wilson depression) can

be determined from Tables [AT] [A2] [A-3] and [A:4] As we can

see, the Wilson depression is formed about 30-40 km higher in
granules than in intergranules and the dark magnetic element.
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We note that, as imposed in Sect. [3] the values of the gas pres-
sure at the bottom (z = 0) and top (z = 1524 km) are the same
in all three models. We provide a physical parameter in addition
to those presented in these tables, which is referred to as L, (last
column in these tables) and corresponds to the vertical compo-
nent of the Lorentz force. This one is calculated by applying the
z component of the momentum equation:

= %wg. Q)
0z

Figure [9] (left panel) presents a comparison of the gravity
force pg (solid) and the z-component of the Lorentz force L,
(dashed) in our four average semi-empirical models. Here, we
can see that the gravity force dominates by one or two orders
of magnitude at most heights. Overall, these results indicate
that the spatially and temporally averaged models presented
here are in quasi-vertical hydrostatic equilibrium. However, at
some particular depths, the z component of the Lorentz force
can become comparable to the gravity force. This is the case of
the dark magnetic element (green), where at z ~ 1.0 Mm, the

1 - _
L,=-[jXB],
C

Lorentz force amounts to about 30-40 % of the gravity force.

This effect is more noticeable when studying the spatially
resolved (i.e. non-averaged) results in (x, y). For instance, in the
right panel in Fig. [0] we display again the gravity and Lorentz
forces, but now focusing on the two pixels indicated with the
+ and O symbols in for example Fig. {] 5] The region where
the Lorenz and gravity forces are comparable (L, ~ pg) is
now larger. In addition, locally at z ~ 1.1 Mm (blue) or at
z = 1.25 Mm (red), the z component of the Lorentz force can
actually be larger than the gravity force. In this regard, these two
particular locations selected for Fig. 0] (left panel) are certainly
not in vertical hydrostatic equilibrium, with the case of the pixel
indicated with + (blue) being particularly striking. We note that
in the case of spatially resolved results at every (x, y) location on
the map, P, is not only affected by the vertical component of the
Lorentz force, but also by its horizontal (L, and L,) components
because we consider three dimensional magneto-hydrostatic
equilibrium (see Eq. 7 in|Borrero et al.|2019).
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Fig. 6. Observed (circles) and fitted Stokes profiles in two examples indicated in Fig. |l} Left panels: Results corresponding to
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by the dashed red lines, whereas results after cycle 6 are shown as

As shown in Figure [9] (left panel), the effect of the Lorentz
force in the determination of the gas pressure in the one-
dimensional (spatially averaged) semi-empirical models and,
hence, of the geometrical height scale z of these models, is
minimal. Consequently, there is very little difference between
having considered vertical hydrostatic or three-dimensional
magneto-hydrostatic equilibrium in the determination of the
four average models presented here.

solid black lines.

Besides the aforementioned discussion about the existence
(or non-existence) of quasi-vertical hydrostatic equilibrium in
the average and spatially resolved results, there is an additional
conceptual difference between the HE and the MHS approaches.
As discussed in [Borrero et al.| (2019) (see Section 3), impos-
ing hydrostatic equilibrium along the three spatial coordinates
(x,v,7) leads to a temperature that does not vary in planes of
constant z. Since the temperature is a function of (x, y, z), this im-
mediately implies that hydrostatic equilibrium cannot be main-
tained along all three Cartesian coordinates. So, in practice it



Borrero et al.: Semi-empirical, geometrically stratified quiet-Sun models of the photosphere and chromosphere

N

y [arcsec]
w

2

x [arcsec]

Fig.7. Same as Figs. and |5} but showing regions ascribed
to granules (blue), intergranules (red), and to dark magnetic ele-
ments (green).

is only imposed vertically (i.e. along z), and the inconsistency
along (x,y) is ignored. However, when we account for magneto-
hydrostatic equilibrium in three dimensions, we can simultane-
ously impose vertical and horizontal equilibrium with a temper-
ature that also varies as a function of (x,y), even if the Lorentz
force plays a small role. In this regard, the MHS approach is
preferable to the HE approach.

6. Uncertainties in the average models

As explained in Sect. [3] the inversion of the observed Stokes

profiles I_;bs(/l) at each (x, y) pixel on the observed field of view
yields the physical parameters (temperature 7, line-of-sight
velocity v,, etc.) as a function of (x,y,z). Along with it, the
FIRTEZ code also yields an error in the estimation of the
physical parameters based on the formulation described in
Appendix B or Chapter 11.2.1 in [Sanchez Almeidal (1997) and
del Toro Iniestal (2003), respectively. As a measure of the errors
in the determination of the physical parameters of the average
one-dimensional models presented in this work, we could con-
sider the average of the individual errors at each pixel. Instead
of this, it is more representative of the actual uncertainties to
consider the standard deviation, around the mean value, from
the ensemble of thousands of pixels used to construct these
models. These uncertainties are more conservative (i.e. larger)
than the former ones because they also include the effects of
averaging many pixels that, although they have been ascribed
to belong to the same feature (e.g. granule, intergranule, dark
magnetic element), they can represent different locations within
them (e.g. edge or center of granules) or different stages in the
temporal evolution.

Figure |10 presents the average T(z) for each of the models
presented: granule (top left; blue lines), intergranule (top right;
red lines), dark magnetic elements (bottom left; green lines), and
full quiet Sun (bottom right; black lines). These are essentially
the same as those in the bottom left panel in Fig. [§] with the
exception that we now also include the standard deviations (i.e.
uncertainties) in those models as defined above. For comparison
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purposes, we also display the temperature stratifications as a
function of the z coordinate, in a number of widely used models
that represent similar features in the solar atmosphere.

7. Conclusions and future work

We applied a newly developed FIRTEZ Stokes inversion code
in order to invert high spatial resolution spectropolarimetric ob-
servations of the quiet Sun in two spectral lines: one photo-
spheric (Fel 617.3 nm) and one photospheric-chromospheric
(Call 854.2 nm). While the former spectral line is treated un-
der the assumption of local thermodynamic equilibrium, the lat-
ter is treated under non-local thermal equilibrium. The inver-
sion is applied to all pixels on the field of view and for sev-
eral observing times. Pixels are then selected as belonging to
granules (= 30, 000 pixels), intergranules (= 30, 000 pixels), and
dark magnetic element (= 4,000 pixels). With this, an average
one-dimensional semi-empirical model is constructed for each
of these aforementioned structures. In addition, all pixels in the
field of view and at all times (~ 280,000 pixels) are employed
to produce an average model of the entire quiet Sun. Our models
are tabulated between z = [0, 1.5] Mm or log 7. = [0.75,-5.6].
The vertical scale z is obtained not from the application of ver-
tical hydrostatic equilibrium, but instead from the more general
three-dimensional magneto-hydrostatic equilibrium (i.e. includ-
ing the Lorentz force in the pressure balance). The models pre-
sented in this work are therefore particularly useful when the
geometrical stratification (i.e. z) is needed instead of the optical
depth stratification (7.) or when accurate gas pressures or den-
sities are needed. We find that, while at individual locations the
Lorentz force can play an important role (i.e. comparable to or
larger than the gravity force), the average models are in a quasi-
vertical hydrostatic equilibrium. This will likely not be the case
in regions on the solar surface that harbor strong magnetic fields
(i.e. network, umbra, penumbra, and so forth). We will provide
average models for those structures in the magnetized solar at-
mosphere in a future paper.
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Appendix A: Atmospheric models

Table A.1. Average quiet-Sun model.

< log 7. T 1Bl By, vz Py P8 L, Nelec Npyd
[km] [K] [G] [G] [kms™'] [dyncm™?] [gs?cm™?] [gs?cm?] [cm™3] [em™3]

0 1.482  8730.17 3.87 33.95 -0.666  2.7566e+05  1.3455e-02  -1.3489e-03 2.4379e+15 2.0836e+17
36 1.047 8060.43 3.87 33.95 -0.664  2.2628e+05  1.2029e-02  -8.5427e-04 1.0317e+15 1.8628e+17
72 0.622  7290.25 3.87 3395 -0.661 1.8205e+05  1.0735e-02  -7.0265e-04 3.2778e+14 1.6625e+17
108  0.246 6705.00 3.87 33.95 -0.659 1.4361e+05 9.2171e-03  -5.8293e-04 1.1584e+14 1.4275e+17
144 -0.083 6283.08 3.87 33.95 -0.658 1.1145e+05 7.6361e-03  -4.5557e-04 4.9170e+13 1.1827e+17
180 -0.379 5965.31 3.87 33.95 -0.656  8.5348e+04  6.1601e-03  -3.4447e-04 2.4484e+13 9.5416e+16
216  -0.651 5705.94 3.87 33.95 -0.657  6.4628e+04  4.8770e-03  -2.5009e-04 1.3748e+13  7.5545e+16
252 -0.906 5480.17 3.87 33.95 -0.666  4.8439e+04  3.8061e-03  -1.7602e-04 8.4572e+12 5.8959%e+16
288  -1.150 5279.15 3.87 33.95 -0.683 3.5952e+04  2.9325e-03  -1.1996e-04 5.5513e+12 4.5429e+16
324 -1.392 5094.04 3.87 3390 -0.707 2.6433e+04  2.2345e-03  -7.8034e-05 3.781le+12 3.4616e+16
360 -1.636 4910.38 3.82 32.18 -0.739 1.9250e+04  1.6881e-03  -4.3524e-05 2.6175e+12 2.6153e+16
396 -1.887 4734.69 3.68 26.79 -0.779 1.3884e+04  1.2628e-03  -2.1411e-05 1.8195e+12 1.9564e+16
432 -2.147 4571.69 3.53 2239  -0.822  9.9098e+03  9.3344e-04 -8.9752e-06 1.2571e+12 1.4463e+16
468  -2.415 442225 341 1954  -0.854 7.0005¢+03 6.8169e-04  -4.3499¢-07 8.6088e+11 1.0562e+16
504  -2.690 4290.87 3.31 1724 -0.868 4.8969e+03 4.9145e-04 5.5331e-06 5.8675e+11 7.6149e+15
540 -2.967 4210.69 324 1538 -0.877 3.4014e+03  3.4786e-04 8.0297e-06  4.0912e+11 5.3897e+15
576  -3.244 4186.83 3.19 1398 -0.884  2.3572e+03 2.4245e-04  7.8619e-06 2.9522e+11 3.7558e+15
612 -3.517 4207.82 3.18 13.00 -0.882 1.6367e+03  1.6750e-04  6.6239e-06  2.1930e+11 2.5944e+15
648  -3.780 4267.09 3.18 1236 -0.877 1.1423e+03  1.1528e-04  5.1192e-06  1.6623e+11 1.7853e+15
684  -4.022 434539 321 1196 -0.881 8.0321e+02  7.9596e-05 3.6255e-06  1.2649e+11 1.2327e+15
720 -4.229 4417.84 326 11.77 -0.889  5.6843e+02  5.5406e-05 2.6060e-06  9.6090e+10 8.5800e+14
756 -4.396 449472 335 11.71 -0.896  4.0466e+02  3.8768e-05 1.9014e-06  7.4760e+10 6.0034e+14
792 -4523 4582.11 347 11.80 -0.903  2.8996e+02  2.7249e-05 1.4575e-06  6.1963e+10 4.2196e+14
828 -4.618 4677.13 361 1199 -0910 2.0931e+02 1.9270e-05 1.1866e-06  5.6276e+10 2.9840e+14
864 -4.691 4775.16 3.75 12.15 -0.916 1.5247e+02  1.3748e-05 1.0107e-06  5.5189%e+10 2.1289%e+14
900 -4.751 487270 391 12.16 -0.921 1.1224e4+02  9.9173e-06 8.9977e-07  5.6242e+10 1.5357e+14
936 -4.800 4967.24 4.07 11.92 -0.925 8.3756e+01  7.2587e-06 8.2872e-07 5.7910e+10 1.1240e+14
972  -4.843 5056.26 4.23 1134 -0.929 6.3595e+01 5.4134e-06 8.4678e-07 5.9464e+10 8.3828e+13

1008 -4.882 5139.17 440 1039 -0.932 4.9385e+01  4.1350e-06 8.9457e-07  6.0820e+10 6.4031e+13
1044 -4916 522042 4.57 9.07 -0.934  3.9315e+01  3.2395e-06 8.2657e-07  6.2294e+10 5.0164e+13
1080 -4.950 5309.49 475 17.61 -0.937  3.1575e+01  2.5568e-06  5.1386e-07 6.3808e+10 3.9592e+13
1116  -4.982 5411.67 491 6.54 -0.940  2.4933e+01 1.9792e-06  2.1541e-07 6.4566e+10 3.0648e+13
1152 -5.015 5522.00 5.02 6.10 -0.944 1.9283e+01  1.4981e-06  9.6812e-08  6.3961e+10 2.3198e+13
1188 -5.048 5631.30 5.07 6.02 -0.948 1.4731e+01  1.1199e-06  4.2834e-08  6.1796e+10 1.7342e+13
1224 -5.083 5732.64 5.09 6.10 -0.952 1.1291e+01  8.4081e-07 5.6649¢-08  5.8479e+10 1.3020e+13
1260 -5.119 582447 5.10 6.18 -0.955 8.7784e+00  6.4100e-07 6.3164e-08  5.4619e+10 9.9259%e+12
1296 -5.158 5914.82 5.11 6.23 -0.959  6.9163e+00 4.9481e-07 5.8646e-08 5.0612e+10 7.6621e+12
1332 -5201 600849 5.11 6.26 -0.963  5.5085e+00  3.8526e-07 5.2382e-08  4.6604e+10 5.9655e+12
1368 -5.251 610422 5.11 6.27 -0.967  4.4214e+00 3.0150e-07  4.1872e-08 4.2494e+10 4.6683e+12
1404 -5.312 6197.39 5.11 6.27 -0.972  3.5613e+00 2.3623e-07 2.8399e-08  3.8046e+10 3.6575e+12
1440 -5385 627595 5.11 6.27 -0.976  2.8556e+00  1.8432e-07 9.3573e-09  3.2870e+10 2.8535e+12
1476  -5.471 632530 5.11 6.27 -0.974  2.2344e+00  1.4096e-07 -1.6962e-08 2.6465e+10 2.1820e+12
1512 -5.568 6353.00 5.11 6.27 -0.973 1.6754e+00  1.0354e-07  -2.1209e-08 1.7583e+10 1.6027e+12

Notes. Model tabulated with Az = 36 km. The full model with Az = 12 km can be obtained electronically at the CDS (gs.dat).

Table A.2. Average granular model.

Z log 7, T 1Bl By, Vz P g P8 L, Nelec DNhyd
[km] [K] [G] [G] [km s~!] [dyn cm™2] [g s2 em™?] [g s2 em™?] [cm™3] [cm™3]

0 1.553 8728.56 3.93 39.93 -1.820  2.7568e+05  1.3459e-02  -1.3452e-03  2.4339e+15 2.0841e+17
36 1.145 832942 393 39.93 -1.818  2.2618e+05 1.1611e-02  -1.2726e-03  1.4195e+15 1.7980e+17
72 0.700 7516.44 393 3993 -1.815 1.8237e+05  1.0422e-02  -1.0153e-03 4.5351e+14 1.6140e+17
108 0301 6867.47 393 39.93 -1.822 1.4409e+05  9.0269e-03  -7.7315e-04 1.5129%e+14 1.3980e+17
144 -0.051 6395.80 3.93 39.93 -1.833 1.1190e+05  7.5311e-03  -5.6053e-04 5.9829¢e+13 1.1664e+17
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Table A.2. Average granular model.

Z T 1Bl By, Vz Py PE L, Nelec Npyd
(km] (K] [Gl Gl [kms'] [dynem™] [gs?cm™?] [gs>cm™’] [em™] [em™]
180 -0.364 603747 393 3993 -1.838 8.5694e+04  6.1110e-03  -3.9363e-04 2.7676e+13 9.4652e+16
216 -0.646 5745.15 393 39.93 -1.837  6.4843e+04  4.8598e-03  -2.6731e-04 1.4612e+13 7.5277e+16
252  -0.906 5492.33 393 3993 -1.826  4.8530e+04  3.8048e-03  -1.7732e-04 8.6246e+12 5.8938e+16
288  -1.152 5268.13 393 39.93 -1.761 3.5941e+04  2.9378e-03  -1.1472e-04 5.5278e+12 4.5510e+16
324 -1.394 5064.56 393 39.88 -1.607 2.6348e+04 2.2403e-03  -7.2250e-05 3.7204e+12 3.4706e+16
360 -1.641 4869.41 3.87 38.14 -1.414 1.9122e+04  1.6910e-03  -4.0636e-05 2.5581e+12 2.6199e+16
396 -1.895 468595 3.68 32.69 -1.220 1.3738e+04  1.2625e-03  -2.1690e-05 1.7635e+12 1.9561e+16
432 -2.159 451893 3.48 27.73 -1.039  9.7635e+03  9.3040e-04  -1.2015e-05 1.2075e+12 1.4417e+16
468 -2432 437324 332 24.17 -0.889  6.8659¢+03  6.7608e-04  -6.0473e-06 8.2269e+11 1.0476e+16
504 -2.709 4255.05 3.20 21.17 -0.801 4.7838e+03  4.8414e-04  -1.7748e-06 5.6220e+11 7.5021e+15
540 -2.987 4191.88 3.11 18.69 -0.782  3.3141e+03  3.4046e-04  6.2279e-07 3.9531e+11 5.2750e+15
576  -3.264 418195 3.05 16.76 -0.792  2.2934e+03 2.3616e-04 1.5751e-06  2.876le+11 3.6584e+15
612 -3.537 4213.84 3.03 1544 -0.802 1.5915e+03  1.6264e-04 1.7653e-06  2.1502e+11 2.5191e+15
648  -3.798 427893 3.03 1458 -0.813 1.1107e+03  1.1178e-04 1.6200e-06  1.6339e+11 1.7311e+15
684 -4.035 4356.84 3.06 14.12 -0.830 7.8070e+02  7.7162e-05 1.1915e-06  1.2425e+11  1.1950e+15
720 -4.235 4428.27 3.11 13.88 -0.836  5.5215e+02  5.3692e-05 8.9241e-07  9.4555e+10 8.3146e+14
756 -4.393 450791 321 13.89 -0.835 3.9286e+02  3.7527e-05 6.6077e-07  7.4232e+10 5.8113e+14
792 -4.511 4598.68 3.34 1394 -0.834  2.8155e+02 2.6363e-05 5.7180e-07  6.2652e+10 4.0824e+14
828 -4599 4696.64 349 1393 -0.833 2.0359e+02  1.8665e-05 5.8203e-07 5.8184e+10 2.8904e+14
864 -4.667 4797.21 3.67 13.75 -0.833 1.4883e+02  1.3358e-05 6.2064e-07  5.8134e+10 2.0685e+14
900 -4.723 4896.57 3.85 13.33 -0.834 1.1015e+02  9.6850e-06  6.6746e-07  6.0047e+10 1.4997e+14
936 -4.770 499253 4.04 12.68 -0.836  8.2696e+01  7.1303e-06  7.0032e-07 6.2477e+10 1.1041e+14
972 -4811 5083.39 422 11.72 -0.836  6.3100e+01 5.3424e-06  7.7571e-07 6.4731e+10 8.2728e+13
1008 -4.847 5169.31 442 1047 -0.836  4.9245e+01  4.0989e-06 8.5849¢-07  6.6845e+10 6.3473e+13
1044  -4.881 5255.15 4.61 9.01 -0.835 3.9241e+01  3.2116e-06  7.9870e-07 6.9047e+10 4.9733e+13
1080 -4.914 5350.03 4.80 7.64 -0.833 3.1353e+01  2.5190e-06  4.7611e-07  7.1131e+10 3.9008e+13
1116  -4.946 5457.74 498 6.79 -0.832  2.4457e+01  1.9243e-06 1.6053e-07  7.2033e+10 2.9798e+13
1152 -4.978 5571.12 5.11 6.57 -0.830 1.8758e+01  1.4435e-06  4.2297e-08  7.1355e+10 2.2354e+13
1188 -5.011 5681.01 5.18 6.60 -0.828 1.4299¢+01  1.0766e-06  -5.1364e-10 6.9015e+10 1.6671e+13
1224 -5.045 5781.37 5.22 6.68 -0.825 1.0971e+01  8.0905e-07 2.4882e-08  6.5446e+10 1.2528e+13
1260 -5.081 5872.82 524 6.72 -0.824  8.5480e+00  6.1794e-07  4.0106e-08  6.1336e+10 9.5688e+12
1296  -5.120 596545 524 6.73 -0.825 6.7423e+00 4.7707e-07  4.0903e-08 5.7101e+10 7.3873e+12
1332 -5.164 6064.68 5.25 6.74 -0.825  5.3692e+00  3.7064e-07 3.7763e-08  5.2872e+10 5.7390e+12
1368 -5.216 6167.28 525 6.74 -0.825  4.3124e+00  2.8942e-07 2.9798e-08  4.8520e+10 4.4812e+12
1404 -5.279 6266.89 525 6.74 -0.826  3.4777e+00  2.2628e-07 1.8447¢-08  4.3696e+10 3.5033e+12
1440 -5358 6349.92 525 6.74 -0.827  2.7958e+00  1.7642e-07 1.4594e-09  3.7925e+10 2.7310e+12
1476 -5.453 6400.53 525 6.74 -0.819  2.1990e+00  1.3529e-07  -2.2629e-08 3.0647e+10 2.0941e+12
1512 -5.562 6428.15 525 6.74 -0.816 1.6663e+00  1.0024e-07  -2.4505e-08 2.0449¢+10 1.5515e+12

Notes. Model tabulated with Az = 36 km. The full model with Az = 12 km can be obtained electronically at the CDS (granule.dat).

Table A.3. Average intergranular model.

< T 1Bl B, Vz P g P8 L, Nejec Nhyd
[km] [K] [G] [G] [km s~!] [dyn cm™?2] [g s72 cm™2] [g s72 cm™2] [cm™3] [cm™3]

0 8728.83 6.24 17.92 0.824 2.7566e+05  1.3458e-02  -4.3829e-04 2.4345e+15 2.0839e+17
36 7218.08 6.24 17.92 0.830 2.2527e+05 1.3421e-02  -3.3737e-04 3.2903e+14 2.0785e+17
72 6552.60 6.24 1792 0.848 1.7859e+05 1.1731e-02  -2.7688e-04 1.0137e+14 1.8171e+17
108 615744 6.24 1792 0.872 1.3904e+05  9.7219e-03  -2.3646e-04 4.5418e+13 1.5060e+17
144 -0.199 5908.54 6.24 17.92 0.890 1.0681e+05  7.7835e-03  -2.0438e-04 2.5850e+13 1.2057e+17
180 -0.448 5740.36 6.24 1792 0.898 8.1259e+04  6.0953e-03  -1.7349e-04 1.6764e+13  9.4422e+16
216  -0.694 5608.28 6.24 17.92 0.874 6.1349e¢+04  4.7103e-03  -1.4389e-04 1.1489e+13  7.2965e+16
252  -0.941 5481.01 6.24 1792 0.789 4.5998e+04 3.6137e-03  -1.1504e-04 7.9719e+12 5.5978e+16
288 -1.186 5338.28 6.24 1792 0.660 3.4239e+04  2.7619e-03  -8.7315e-05 5.4923e+12 4.2782e+16
324 -1.429 5173.19 6.24 17.85 0.501 2.5276e+04  2.1040e-03  -6.0630e-05 3.7640e+12 3.2591e+16
360 -1.670 4998.18 6.16 16.20 0.329 1.8494e+04  1.5933e-03  -3.6656e-05 2.6103e+12 2.4682e+16
396 -1.916 4825.05 592 12.01 0.182 1.3408e+04  1.1966e-03  -2.0881e-05 1.8273e+12 1.8537e+16
432 -2.169 4650.70 5.65 9.71 0.090 9.6253e+03  8.9124e-04  -1.0181e-05 1.2700e+12 1.3807e+16
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Table A.3. Average intergranular model.

< log 7. T 1Bl By, Vz Py PE L, Nelec Npyd

(km] (K] [Gl Gl [kms'] [dynem™] [gs?cm™] [gs>cm™] [em™] [em™]
468 -2.430 4478.66 541 8.96 0.028 6.8375e+03  6.5743e-04  -3.2380e-06 8.6905e+11 1.0185e+16
504 -2.701 4331.01 5.19 847 -0.029 4.8077e+03  4.7802e-04 8.9951e-07 59157e+11 7.4062e+15
540 -2.975 4234.06 5.00 8.34 -0.061 3.3549e+03  3.4121e-04 3.0462e-06  4.1020e+11 5.2864e+15
576  -3.249 419381 4.83 837 -0.083  2.3337e+03  2.3963e-04  3.7118e-06 2.9369e+11 3.7121e+15
612  -3.522 4206.67 4.68 8.58 -0.114 1.6254e+03  1.6639¢-04 3.6379e-06  2.1745e+11 2.5772e+15
648 -3.786 4262.82 4.55 8.84 -0.149 1.1383e+03  1.1499e-04 3.1973e-06  1.648le+11 1.7809e+15
684 -4.031 433245 445 9.18 -0.167  8.0317e+02  7.9830e-05  2.6260e-06  1.2498e+11 1.2363e+15
720 -4.249 4391.62 4.37 953 -0.178 5.7041e+02  5.5931e-05 2.0269e-06  9.4149e+10 8.6614e+14
756  -4.431 444946 432 997 -0.193 4.0742e+02  3.9430e-05 1.5714e-06  7.1594e+10 6.1059%+14
792 -4575 4513.66 431 1042 -0.209 < 2.9268e+02  2.7922e-05 1.2305e-06  5.6380e+10 4.3238e+14
828 -4.685 4592.07 433 10.98 -0.222 2.1164e+02  1.9846e-05 9.3741e-07 4.7842e+10 3.0731e+14
864 -4770 4684.04 438 11.69 -0.237  1.5402e+02 1.4159e-05  6.6695e-07 4.4371e+10 2.1925e+14
900 -4.837 4780.12 445 1245 -0.253 1.1293e+02  1.0172e-05  5.8875e-07 4.3503e+10 1.5752e+14
936 -4.892 4872.26 4.54 13.01 -0.271 8.3904e+01  7.4140e-06 6.8525e-07  4.3486e+10 1.1481e+14
972 -4938 495531 4.62 13.16 -0.287 6.3639%e+01 5.5284e-06  8.5462e-07 4.354le+10 8.5608e+13
1008 -4.979 5028.68 4.71 12.72 -0.303  4.9626e+01 4.2474e-06  1.0379e-06 4.3584e+10 6.5773e+13
1044 -5.016 5098.81 4.81 11.61 -0.319 4.0068e+01  3.3815e-06 1.1690e-06  4.3987e+10 5.2363e+13
1080 -5.051 5177.11 4.92 9.80 -0.336  3.3005e+01  2.7424e-06  9.2495e-07  4.4779e+10 4.2468e+13
1116 -5.085 5270.56 5.00 7.87 -0.355  2.6712e+01  2.1791e-06  4.8450e-07 4.5182e+10 3.3744e+13
1152 -5.119 537472 5.05 6.76 -0.374 2.0833e+01  1.6652e-06 1.3598e-07 4.4407e+10 2.5786e+13
1188 -5.153 5480.38 5.06 6.65 -0.393  1.5870e+01  1.2424e-06  1.4868e-08 4.2387e+10 1.9239e+13
1224 -5.187 5579.28 5.05 6.87 -0.411 1.2027e+01  9.2308e-07 1.5584e-08  3.9451e+10 1.4294e+13
1260 -5.222 5667.25 5.03 7.03 -0.427 9.2410e+00  6.9652e-07 3.3432¢-08  3.6182e+10 1.0786e+13
1296  -5.258 5749.56 5.03 7.12 -0.442  7.1917e+00  5.3256e-07  4.6225e-08  3.2860e+10 8.2468e+12
1332 -5.296 5835.61 5.03 7.16 -0.458  5.6710e+00 4.1189e-07  4.4475e-08 2.9725e+10 6.3781e+12
1368 -5.339 5925.83 5.03 7.17 -0.477 4.5100e+00  3.2056e-07 3.6599¢-08  2.6714e+10 4.9637e+12
1404 -5.388 6015.33 5.03 7.17 -0.493  3.6005e+00  2.4999e-07  2.4444e-08 2.3669e+10 3.8708e+12
1440 -5.445 6091.87 5.03 7.17 -0.506  2.8633e+00  1.9431e-07  6.3102e-09  2.0335e+10 3.0085e+12
1476 -5.510 6143.85 5.03 7.17 -0.518 2.2280e+00  1.4828e-07  -1.8259e-08 1.6403e+10 2.2957e+12
1512 -5.579 6171.87 5.03 7.17 -0.520  1.6725e+00  1.0955e-07 -2.0162e-08 1.1038e+10 1.6959%e+12
Notes. Model tabulated with Az = 36 km. The full model with Az = 12 km can be obtained electronically at the CDS (intergr.dat).
Table A.4. Average dark magnetic element model.

< log 7, T 1Bl By, Ve Pg P8 L, Nelec Nhyd
(km] (K] [G] [G] [kms'] [dynem™] [gs?cem™] [gs?cm™] [em™] [em™’]

0 1.340 8729.47 135.80 15.88 0.379 2.7567e+05  1.3457e-02  -1.1931e-03  2.4362e+15 2.0838e+17
36 0.809 7594.04 135.80 15.88 0.380 2.2437e+05 1.2691e-02  -1.0383e-03 5.614le+14 1.9654e+17
72 0.369 6754.29 13580 15.88 0.380 1.7761e+05  1.1316e-02  -8.4636e-04 1.4080e+14 1.7527e+17
108 0.033 6173.14 135.80 15.88 0.379 1.3719e+05  9.5680e-03  -6.6947e-04 4.6327e+13 1.4821e+17
144 -0.236 5856.51 135.80 15.88 0.362 1.0405e+05  7.6499e-03  -5.3928e-04 2.3658e+13 1.1851e+17
180 -0.482 5707.46 135.80 15.88 0.323 7.8033e+04 5.8871e-03  -4.4086e-04 1.5686e+13 9.1197e+16
216  -0.726 5638.19 135.80 15.88 0.270 5.8126e+04  4.4391e-03  -3.6340e-04 1.1519e+13 6.8762e+16
252 -0978 5598.39 135.80 15.88 0.204 4.3094e+04  3.3145e-03  -2.9885e-04 8.7344e+12 5.1338e+16
288 -1.244 552894 135.80 15.88 0.122 3.1794e+04  2.4761e-03  -2.4182e-04 6.3544e+12 3.8351e+16
324  -1.516 5386.59 13557 15.72 0.025 2.3279e+04  1.8609e-03  -1.8994e-04 4.2298e+12 2.8822e+16
360 -1.784 5198.08 132.68 1343 -0.078  1.6864e+04 1.3970e-03 -1.4257e-04 2.7310e+12 2.1637e+16
396 -2.049 5004.74 12629 9.29 -0.172 1.2070e+04  1.0385e-03  -1.0648e-04 1.8154e+12 1.6085e+16
432 2316 4813.68 119.68 8.00 -0.248 8.5236e+03  7.6250e-04  -7.9171e-05 1.2282e+12 1.1810e+16
468  -2.594 4632772 113.62 8.00 -0.303  5.9348e+03  5.5165e-04  -5.7765e-05 8.2934e+11 8.5448e+15
504 -2.883 4480.00 107.74 7.87 -0.337 4.0755e+03  3.9174e-04  -4.1842e-05 5.5769%e+11 6.0679%e+15
540 -3.183 4382.56 10197 8.02 -0.352 2.7662e+03  2.7180e-04  -3.0114e-05 3.796%e+11 4.2100e+15
576  -3.486 434441 96.35 8.19 -0.364  1.8634e+03  1.8470e-04  -2.1464e-05 2.6429e+11 2.8607e+15
612 -3.783 4358.65 90.93 8.26 -0.377 1.2515e+03  1.2364e-04  -1.5148e-05 1.8772e+11 1.9149e+15
648 -4.058 4405.38 85.72  8.36 -0.390  8.4150e+02  8.2255e-05  -1.0437e-05 1.3459e+11 1.2738e+15
684  -4294 446197 80.42  8.82 -0.401  5.6791e+02 5.4808e-05 -7.0714e-06 9.7218e+10 8.4873e+14
720 -4.481 4528.54 T74.66 9.81 -0.416 3.8490e+02  3.6600e-05 -4.8547e-06 7.2358e+10 5.6676e+14
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Table A.4. Average dark magnetic element model.

< log 7. T 1Bl By, Ve Py P8 L, Nelec Npyd

[km] [K] [G] [G] [kms™'] [dynem™@] [gs?cem™] [gs?cm™) [em™] [cm™?]

756 4618 461340 68.66 11.09 -0.434 2.6255e+02  2.4506e-05  -3.0942e-06 5.8166e+10 3.7948e+14
792 -4718 4707.36 62.72 12.38 -0.449 1.8141e+02  1.6594e-05 -1.6728e-06 5.1710e+10 2.5696e+14
828 -4.793 4803.87 57.11 13.29 -0.462 1.2772e+02  1.1447e-05  -6.4430e-07 4.9347e+10 1.7726e+14
864  -4.852 4892.10 52.05 13.92 -0.473 9.1918e+01 8.0892e-06  -7.7934e-08 4.8248e+10 1.2526e+14
900 4900 4970.33 47.39 14.03 -0.483 6.7665¢+01  5.8603e-06 4.0697e-07  4.7246e+10 9.0748e+13
936 -4941 5040.09 43.23 13.88 -0.492 5.1678¢+01  4.4130e-06 8.1511e-07 4.6421e+10 6.8337e+13
972 4977 5104.18 3959 1341 -0.500 4.1385e+01  3.4890e-06 1.2927e-06  4.6096e+10 5.4027e+13
1008 -5.010 5165.89 36.23 12.70 -0.508 3.5324e+01  2.9417e-06 1.5601e-06  4.6908e+10 4.5553e+13
1044 -5.044 5230.53 3296 11.74 -0.517 3.0401e+01  2.4997e-06 1.1497e-06  4.7793e+10 3.8708e+13
1080 -5.078 5304.76  29.77 10.11 -0.528 2.5737e+01  2.0856e-06 7.8809e-07 4.8269e+10 3.2296e+13
1116 -5.113 539338 26.77 8.59 -0.541 2.0632e+01 1.6431e-06 1.8814e-07 4.7308e+10 2.5445e+13
1152 -5.147 5485.87 24.24 8.04 -0.554 1.5631e+01 1.2223e-06  -8.1007e-08 4.4428e+10 1.8928e+13
1188 -5.179 557698 22.29 7.85 -0.567 1.1566e+01  8.8800e-07  -7.6998e-08 4.0454e+10 1.3751e+13
1224  -5.211 5664.40 20.86 7.86 -0.580 8.5934e+00 6.4788e-07 -4.0579e-08 3.6275e+10 1.0033e+13
1260 -5.244 5749.66 19.83 7.90 -0.593 6.5261e+00  4.8299¢-07 1.4485e-09  3.2455e+10 7.4792e+12
1296 -5.277 5833.11 19.20 7.94 -0.606 5.0531e+00  3.6687e-07 1.6994e-08  2.9003e+10 5.6809e+12
1332 -5.314 5913.68 18.84 7.91 -0.620 3.9682e+00 2.8241e-07 2.3665e-08 2.5834e+10 4.3730e+12
1368 -5.354 5993.93 18.60 7.90 -0.633 3.1691e+00  2.2074e-07 3.2444e-08 2.2981e+10 3.4178e+12
1404 -5.400 607024 18.50 7.89 -0.645 2.5838e+00  1.7596e-07 3.3212e-08  2.0388e+10 2.7244e+12
1440 -5.453 6133.33 18.49 7.90 -0.656 2.1287e+00  1.4193e-07 2.9718e-08 1.7764e+10 2.1973e+12
1476 -5.512 617496 18.49 7.90 -0.661 1.7659e+00  1.1575e-07 2.6162e-08 1.4892e+10 1.7919e+12
1512 -5.578 6200.19 18.49 7.90 -0.661 1.5195e+00  9.8364e-08 8.0906e-08  1.0987e+10 1.5227e+12

Notes. Model tabulated with Az = 36 km. The full model with Az = 12 km can be obtained electronically at the CDS (dmagele.dat).
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