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ABSTRACT

have observational signatures.
spectral types.
Methods. We an

individual magnetic fields are also considered.

scales.

Context. Some of the quiet solar magnetic flux could be attributed to a small-scale dynamo (SSD) operating in the convection zone.

An SSD operating in cool main-sequence stars is expected to affect the atmospheric structure, in particular the convection, and should

Aims. We aim to investigate the distribution of SSD magnetic fields as well as their effect on bolometric intensity characteristics,
vertical velocity and spatial distribution of kinetic energy (KE) and magnetic energy (ME) in the lower photosphere of different

We compare the time-averaged distributions and power spectra in SSD setups relative to the hydrodynamic setup. Properties of the

Results. PDFs of field strength at the 7 = 1 surface are quite similar for all cases. The MOV star displays the strongest fields, but
relative to the gas pressure, the fields on the F3V star reach the largest values. All stars display an excess of horizontal field relative to
vertical field in the middle photosphere, with this excess becoming increasingly prominent towards later spectral types. These fields
result in a decrease in upflow velocities, slightly smaller granules as well as the formation of bright points in intergranular lanes. The
spatial distribution of KE and ME is also similar for all cases, implying a simple pressure scale height proportionality of important

Conclusions. SSD fields have rather similar effects on the photospheres of cool main-sequence stars, namely, a significant reduction

in convective velocities as well as a slight reduction in granule size, and concentration of field to kG levels in intergranular lanes

1. Introduction

Magnetism in cool stars is ubiquitous. In addition, a signifi-
cant number of cool stars show a solar-like activity cycle (Wil-
son| [1978)). The magnetic fields associated with these cycles
are expected to arise from a large-scale dynamo operating in
« the interiors of cool stars (Brandenburg & Subramanian|[2005;
] (Charbonneau|2014). However, there is also an additional, cycle-
(Y) independent component of stellar fields, the quiet-star mag-
O\l netism. From detailed observations of the quiet Sun, (see, e.g.,
S reviews by |Solanki| (1993); [de Wijn et al.| (2009); |Sanchez

. — |Almeida & Martinez Gonzalez| (2011)); [Bellot Rubio & Orozco
>< Suarez| (2019)) as well as state-of-the-art simulations (Vogler
a & Schiissler|2007; Rempel|2014), this component was realised

to be substantial and could, in part, be explained by invoking

a small-scale dynamo (SSD) mechanism which would amplify
magnetic fields via turbulent motions of the plasma. In fact, re-
cent global SSD simulations (Hotta & Kusano[2021; Hotta et al.
2022)) showed that the field generated can be significantly super-
equipartition at small scales in the deep convection zone, being
strong enough to affect the meridional circulation and the differ-
ential rotation profile. For stars other than the sun, the influence
of SSD fields on quiet star phenomena like granulation, pressure
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associated with the formation of bright points. The distribution of field strengths and energies is also rather similar.

Key words. Stars: atmospheres — Stars: magnetic fields — Stars: late-type — Convection — Dynamo

oscillations and basal chromospheric activity remain yet to be
studied.

Quiet star magnetic fields also have the potential to af-
fect interpretation of radial velocity (RV) observations of stel-
lar spectra. RV measurements allow detection of exoplanets by
accounting for Doppler shifts in stellar spectral lines due to a
gravitationally-induced "wobble" caused by a planet’s orbital
motion. However RVs can be affected by stellar magnetism.
Starspots can affect RVs in multiple ways, e.g. via the Evershed
effect (Solanki/[2003; [Rimmele & Marino|2006), while faculae
reduce the granular blueshift (Brandt & Solanki/|1990). Gran-
ulation, whose presence is not just visible in short time-scale
"noise", but also as a net blueshift in photospheric spectral lines
of most solar-like stars (Dravins|1987), could also potentially af-
fect RVs. For a comprehensive list of factors potentially affecting
high precision RV measurements, see Table A-4 in |Crass et al.
(2021)). |Shporer & Brown| (2011) demonstrated the impact con-
vective blueshift can have on RV measurements during transits
at m/s accuracy level via a simple model. With RV measure-
ments reaching sub-m/s precision, allowing detection of Earth-
like rocky exoplanets, it becomes imperative to understand the
sources of stellar "noise" properly, including the contribution
from magnetic fields.

Stellar light curves also show variation on the order of gran-
ulation timescales. The amplitude of variations over such short
timescales are well-correlated with the stellar surface gravity
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(Bastien et al.|2013}2016)), allowing an independent estimation
of the latter (as opposed to asteroseismic measurements). In ad-
dition, [Shapiro et al.| (2017) showed that, for the Sun, the total
solar irradiance (TSI) could be reliably reconstructed just from
the consideration of granulation noise from simulations and so-
lar magnetograms in a forward model. This is encouraging for
modelling stellar variability at shorter timescales.

In our recent work (Bhatia et al.| (2022), hereafter Paper 1),
we showed that SSD magnetic fields significantly reduce the
convective velocities and can be strong enough in earlier spectral
types (F-star and earlier) to even affect the stratification and scale
heights near the surface (which could influence scales of granu-
lation). In addition, it was also shown that changing the metal-
licity also leads to a difference in SSD-associated field strengths
and properties of momentum transport near the surface (Witzke
et al.|2022). Hence, it becomes imperative to understand the ef-
fect of SSD fields on the photospheres of different stars.

In this paper, we describe the distribution of photospheric
quiet-star magnetic fields as expected to arise from an SSD
mechanism operating in the near-surface convection of late-type
dwarfs. We also look at the effects of this magnetic field on the
velocities, the bolometric intensity as well as the energy distri-
bution in the photospheres of these stars.

2. Methods

We use the models described in Paper I, namely, the purely hy-
drodynamic (HD) models and the models with SSD fields. The
setup, number of snapshots, time range etc. are similar to those
in Paper 1. Briefly, we consider four sets of a local box-in-a-
star simulation of F3V, G2V, KOV and MOV stars, with each set
consisting of a time series of an HD run and an SSD run. The
boxes have 512 grid points in both the horizontal directions and
500 grid points in the vertical direction. The resolution (and the
physical size) is such that all simulations cover a similar num-
ber of pressure scale heights (nn, = 10g(Pgas/Peasi(ry=1))) and
horizontally scaled to maintain the aspect ratio. The G2V star
is used as a reference, with ny, ~ 7.5 below the surface and
~ 6 — 8 above the surface (corresponding to 4 Mm below, 1
Mm above). The horizontal extent is 9 Mm x 9 Mm|[] This cor-
responds to a resolution of approximately 17.6(10) km in the
horizontal (vertical) direction. For the F, K and M-stars, the cor-
responding resolutions are approximately 45(26), 8.2(4.6) and
4(2.3) km, respectively. The stellar type is determined by speci-
fying the entropy of inflows (effectively setting the T.g) and by
setting a constant gravitational acceleration in the z—direction.
We note that the upper boundary condition for magnetic field is
set to be vertical. We simply made a choice between vertical and
potential upper boundary”} We refer the reader to Paper 1 for
further details about the setup.

Before we start describing the results, we provide some in-
formation on the meaning of symbols and conventions we fol-
low. All averages over time are denoted by an overline g. All
averages over space of 2D data are denoted by angular brackets

! The K-star SSD and HD setups were rerun for this paper with a taller
atmosphere so as to have a similar nu, above the surface for all cases.
The new time series was used to redo all analyses mentioned in Paper I
and the resulting plots were practically the same.

2 A test run with potential upper boundary for the G2V star resulted
in more horizontal fields above the surface, and a small increase in the
magnitude of magnetic field (possibly a consequence of more low-lying
loops available for recirculation and amplification). At and below the
7 = 1 surface, there was practically no change in the thermodynamic
structure.
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(q). The standard deviation for bolometric intensity in a single
snapshot is calculated as o7 = /{(I — (I))?). The calculation of
spatial power spectra is covered in Appendix [A] All plots have
error bars corresponding to standard error € = o-/ VN, where N
is the number of snapshots and o is the standard deviation over
time averages. The colour coding is the same as that in Paper I,
with blue for the F3V, black for the G2V, green for the KOV, and
red for the MOV star. Dashed lines with lighter corresponding
colours refer to the hydrodynamic case, unless stated otherwise.

3. Results

3.1. Distribution of the magnetic fields
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Fig. 1. Magnetic field characteristics. Top: Horizontally averaged mag-
nitude of magnetic field. Bottom: Horizontally averaged inclination of

[(B% + BZ)/(B2). The horizontal axis is the

number of pressure scale heights below the surface (positive is below,
negative is above).

magnetic field, defined as

Fig. [I] shows the horizontally-averaged magnitude (top
panel) and horizontally-averaged inclination (bottom panel)
of the magnetic field near the surface. All cases show sim-
ilar value of magnetic field strength, except for the F-star,
which shows a somewhat higher value at and above the sur-
face (which is marked by the dotted vertical line). The field
inclination shows the field becoming more horizontal for all
cases as one goes higher up in the atmosphere. Between -2 >
log(pgas/ Psasry=1)) > —4, all cases show a peak in By,/B;, which
probably corresponds to low lying magnetic field loops. Higher
up, Bj/B, tends towards zero, in accordance with the upper
boundary condition of a vertical field.

Table [T lists the magnetic field characteristics for all cases
for (t) = 1 horizontal slice as well as for 7 = 1 iso-surfaceﬂ
Here, 7 refers to the optical depth corresponding to a reference
wavelength of 500 nm. The v = 1 iso-surface, hence, provides
an observational point of view for understanding the results. We
also consider the horizontal slice because the thermodynamic
stratification is expected to be quite uniform in the horizontal

3 The v = 1 iso-surface refers to the surface where 7 = 1 for each
vertical column in the 3D cube. The data points are calculated by inter-
polating logarithmically against the corresponding 7 column to where
T=1
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Table 1. From left to right: Characteristic of magnetic field near the surface for each stellar type: average field strength (B), average vertical field
strength (|B;|), average horizontal field strength (|B)|) and the percent fraction of area occupied by kilogauss fields. (Apsikg/Awr)- All values are

averages over time along with 1o standard deviation.

Simulation B[G] |B| [G] B, [G] Aps1kG/Ator [%]
Lr)=1 =1 L=t T=1 | = =1 Ur)=1 =1

F3V 130+10 187+14 | 66+6 94+8 | 98+7 143 +11 | 0.07+0.06 0.80 +0.31

G2V 113+£10 126+11 | 59+5 66+6 | 8 +8 95+9 | 046+0.14 047+0.14

KOV 1179 118+9 | 60+4 60x+4 |87 90+7 |053+0.12 0.50+0.11

MOV 1066 106+6 | 55+3 55+3 |81+5 814 | 043=+0.17 042+0.16
10° : 3 B, with most of the field between 20 to 100 G (slightly higher for
H i the F-star) and a more rapid drop-off ("knee") in the kG regime.
o I i For the horizontal slice, the field strength for the kG-knee shows
A 102 i 3 L an inverse trend with Teg. These kG fields form mostly in the
- i i downflow lanes (see appendix [B]| for separate PDFs of magnetic
N F: 130.8 G { i field in upflows and downflows). The vertical dotted and dashed
E 10-4] — G:113.5G ' $ : | lines mark the field strength correzspondipg to equipartition. with
e  k1171G N i Pgas (thatis, Begp gas) and pgas + pv;, (that is, Begp ror), TESpECtively,
) \ i for all the cases. We note that there seems to be a trend in the
. — M:10656G i location of the kG-knee and the equipartition field strength. We
1(1)(_]0 ’ also note that, if compared against just gas pressure, the F-star
! I seems to have super-equipartition fields. This tendency towards
! it 1| having super-equipartition fields relative to pg,s decreases to-
o | o wards later spectral types, with the M-star fields being decid-
, 1072 i it i[ edly sub-equipartition. We discuss this relation further in Sect.
~ i i i [.1] Briefly, we expect the strongest fields to be situated in in-
) F:187.5G | I tergranular lanes, with the strength of the field being such that it

; 10741 — G:126.8G 3\ | || if balances against the external pressure.

— K:118.2G i3 When one considers the 7 = 1 iso-surface (bottom panel),
— M-1062G \ the distribution of fields is roughly similar and does not show the
10-6 : i i trend for kG fields from the (r) = 1 slice. In addition, the field
102 10° strengths for the F-star are generally higher. For the fields con-

G

Fig. 2. PDF of the strength of magnetic field B for the SSD F- (blue), G-
(black), K- (green) and M-star (red). Top: PDF of B calculated for the
geometric surface z(;)=; corresponding to the height at which () = 1.
Bottom: Same plot as the top, but for the iso-7 = 1 surface. The vertical
lines correspond to the pressure equipartition field Begpgas = +/87(Pgas)

(dotted) and Begp,tor = + /87r(pgas + pvﬁ) (dashed), for each case (see Sect.

E]for details on the description of Begp or)- The labels contain the mean
value for each case in gauss.

direction, allowing a better understanding of the physics of the
magnetic field distribution. The columns show that for the hor-
izontal slice, the average field strength is quite similar (100 to
130 G) for all cases, but the value increases significantly for the
F-star (almost 190 G) and G-star (almost 130 G) if the 7 = 1 iso-
surface is considered. For the other cases, the change is almost
within the standard deviation and decreases with Tes. In addi-
tion, the area fraction of kG fields for the F-star is around 0.8%
for the T = 1 surface, whereas for the () = 1 horizontal slice,
it is almost zero. We note here that this result is a consequence
of the field strength corresponding to pressure equipartition (in-
cluding the pvi term) at this height being just about one kilogauss
(kG); this result is discussed in detail in Sect. d.1] For the other
cases, the area fraction is roughly 0.5% both ways.

Fig. [2] shows the probability density function (PDF) of the
magnitude of the magnetic field for the horizontal slice at () = 1
(top panel) and for the 7 = 1 iso-surface (bottom panel). All stars
show a rather similar distribution of photospheric magnetic fields

centrated by flux expulsion, i.e. the fields in equipartition with
the flows (around a few 100 G), this is due to a depression in
the 7 = 1 iso-surface in the intergranular lanes. As opacity in
photospheres of cool stars depends steeply on temperature, the
7 = 1 surface generally dips below z(y=; in the cooler inter-
granular lanes. For the kG fields, however, the dominant mech-
anism is evacuation of plasma in the flux tubes leading 7 = 1
forming deeper below and radiation escaping from lower levels.
This depression in optical depth is somewhat similar to the Wil-
son depression (WD) (Wilson & Maskelyne|1774) of the optical
surface in sunspots. Because of increasing pressure due to strat-
ification and conservation of flux, the field strength is stronger
deeper down. The magnitude of this depression scales with T
as well as pressure scale height (Beeck et al.[2015), and is the
strongest for the F-star and weakest for the M-star. These re-
sults are consistent with simulations of weak stellar magnetism
by Salhab et al.| (2018)), where the authors also reported similar
values of kG field concentrations for all cases as well as the scal-
ing of Wilson depression with pressure scale height. The factors
influencing the kG field distribution are discussed later in the
context of convective collapse (Spruit[1979) as well as pressure
balance in individual flux concentrations in Sect. £.11

3.2. Bolometric intensity

In Paper 1, we considered the changes in thermodynamic struc-
ture due to SSD-generated magnetic fields. We showed that these
changes resulted in a decrease in density scale height H,,, as well
as in convective velocities, near the stellar surface. Here, we con-
sider how these changes affect the intensity structure.

Article number, page 3 of 11
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Fig. 3. Snapshots of the bolometric intensity 7 (in 10'® erg/cm?/s) for the SSD case (first row) and the corresponding vertical magnetic field B, (in
kG) (second row) and the horizontal magnetic field By, (in kG) (third row) at the iso-t = 1 surface for spectral types (from left to right) F, G, K and
M, respectively. Snapshots of I for the HD case for comparison (last row). The colour bars are identical for the respective SSD and the HD case.

Green circles indicate magnetic bright points.

Table 2. Average values for various quantities related to v, and /. For each quantity, left column is SSD, right is HD. Here, contrast is defined as

1 /{Ipor). All units are cgs.

Simulation | upflow frac. [%] Uorms [10°] (o)) [10'°] o7[1019 contrast [%]
SSD HD SSD HD SSD HD SSD HD SSD HD
F3V 57.33 57.14 5.167 5.568 | 4.653 4.662 | 1.002 1.026 | 21.54 22.01
G2V 56.64 56.83 2518 2561 | 2543 2535 | 0440 0444 | 17.30 17.50
KOV 55.38 55.69 1.316 1335 | 1.043 1.038 | 0.120 0.121 | 11.51 11.65
MOV 60.31 60.05 0.632 0.660 | 0.425 0425 | 0.011 0.011 | 2.63 2.63

The presence of SSD magnetic fields affects the bolometric
intensity Iy, in multiple ways. The evacuation of plasma due to
concentrated magnetic fields in intergranular lanes leads to for-
mation of bright points. This is generally attributed to the "hot-
wall" effect (Spruit|[1976), where the low density plasma in the
intergranular lanes is heated up by the surrounding hot, dense
upflows, which causes the former to appear bright. This effect is
easily seen in the modelled F, G, K and (to a lesser degree) M
stars (see Fig.3).

In addition, there are changes in the spatial distribution of
Iyl due to the SSD. The top panel of Fig. d]shows the magnitude
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of the spatial power spectra Py of Iy, for all the HD and SSD
cases. See appendix [A] for details on how the power spectrum is
calculated. We note that the spatial frequency has been scaled by
the box size, which essentially corresponds to a pressure scale
height scaling (see Sect. 2.2 of Paper 1 for details). This ensures
that all plots have the same range on the x-axis. The bottom panel
shows the relative change in the power between SSD and HD
cases (Prssp/Prup) — 1, with positive values corresponding to
an increase in power in the SSD case.

The usual interpretation of Py, as calculated here, is in terms

of level of contrast at different spatial scales (Nordlund et al.
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Fig. 4. Spatial power spectra P, of bolometric intensity I, for the SSD
(solid) and HD (dashed) cases plotted against spatial frequency 1/x
(normalized by the horizontal box size x, for each star). Top: P, for all
cases normalized by the SSD F-star total power (3, Px). Bottom: Rela-
tive change in power at different scales between the SSD and HD cases.
The gray shaded region refer to the approximate scales corresponding
to range in granule sizes, for which the centre of gravity is calculated in
Table[3

1997). We take the peaks of these spectra to be an indication of
the granulation scales, as the largest contrast is expected to exist
at the scale of granulation (bright granule centres vs. dark inter-
granular lanes). Due to the variation of granule sizes over a range
of scales, we calculate the centre of gravity (CG) over a range of
k (marked by the gray shaded region) to estimate an average spa-
tial wave number kcg corresponding to an average granule size.
The peaks of the power spectra lie between x/x € (4,9). With
that in mind, we restrict the limits for the CG calculation be-
tween xo/x € (2,20). For reference, this corresponds to a spatial
frequency between 0.22 Mm~! (or 4.5 Mm in length) and 2.2
Mm™! (or 0.45 Mm in length) for the G-star, where the typical
granule size is ~ 1.5 — 2 Mm, corresponding to a spatial fre-
quency of ~ 0.67 —0.5 Mm™". The results are presented in Table
[l We interpret the positive change in k¢ for all cases as an in-
dication for a slight decrease in average granule size for SSD
cases (as x ~ 1/k), relative to the HD cases. The results indicate
a positive 0k (smaller scales) for granulation in the presence of
an SSD compared to the HD case. Modifying the limits (k; from
2 to 3 and k; from 10 to 20) affects ok but not its sign. The value
of 0k/kyp ranges from +1.1% to +3.8% for all the stellar types
considered (M, K, G and F) for k; = 2 or 3 and k, = 10, 15 or
20.

In Fig. [5] we plot the PDF of the bolometric intensity for
all the SSD as well as HD cases. The F, G and K-star show a
clearly bimodal distribution, with the bright peak correspond-
ing to mean granular intensities and downflows corresponding to
mean intergranular lanes intensities. This is consistent with dis-
tributions obtained from a variety of other simulations of stellar
photospheres (Beeck et al.[2012; Magic et al.|2013}; Beeck et al.
2013a; Salhab et al.|[2018)). The M-star also has a somewhat bi-

Table 3. Center-of-gravity (CG) for average granulation scale in Fig.
calculated as ([, Pikdk)/( [ Pidk), where ki, k; are the left and right
bounds of the shaded region.

Simulation | kcgssplxo/x]  kcguplxo/x]  6k/kup (%)
F3V 10.5 10.08 +4.09
G2V 8.65 8.41 +2.77
KOV 7.57 7.30 +3.68
MOV 9.36 9.15 +2.24

107!

1072

PDF of ool
=
<

._.
)
I3

,_.
1)
b

9.6 9.8 10.0 10.2 10.4 10.6
log Iher in erg/cm?/s with Ax = 0.0075

10.8

Fig. 5. PDF of the bolometric intensity for the SSD (solid) and HD
(dashed) with vertical axis in semilog.

modal distribution, but it is not as prominent as the other cases,
since the contrast between granules and intergranular lanes is
very low. All SSD cases show an extended bright tail (right side
of the PDFs) which corresponds to the formation of magnetic
bright points in intergranular lanes. In addition, the G and K-
stars show slight excess intensities in the bright flank (above the
bright tail, corresponding to bright granules) for the SSD cases,
whereas F-star shows a slight decrease. The F and G-stars also
show a steeper fall-off at the dark flank (left side of the PDFs),
which contributes a reduction in contrast for the SSD cases, as
noted in Table 2]

The effect of SSD fields on intensity at sub-granular scales is
more varied between spectral types. Fig. ] bottom panel, shows
a prominent increase in power for the K-star at the smallest
spatial scales, corresponding to the high-contrast bright points
present in the intergranular lanes. This is consistent with the
bright tail in Fig. 5] A similar interpretation also holds for the
G-star. Visually, we also see bright points in the F-star case (see
first column in Fig. [3). However, these bright points do not lead
to an increase in power. This is because magnetic fields also
restrict convective velocities, acting as an effective "viscosity",
which makes the flow more laminar and leads to granules with a
smoother appearance, thus decreasing the amount of small-scale
sub-structure and contrast. We caution against interpreting the
results in the £ > 100 range, since here the effects of numerical
diffusion are non-negligible.

3.3. Vertical velocity

In Paper 1, we showed that there is a general reduction in vertical
velocity v, for SSD cases near the photosphere. Here we examine
in more detail how the distribution of v, changes relative to the
HD cases when accounting for magnetic field generation.

The top panel of Fig. [6]shows the PDF of v, at the 7 = 1 iso-
surface, normalized by (v, ;ms)up- This normalization allows us

Article number, page 5 of 11
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Fig. 6. Vertical velocity v, at the iso-7 = 1 surface normalized by the
r.m.s vertical velocity in the HD case (v,,ms)up (as noted in Table |Z[)
Top: PDF of v,/(v;.ms)up for the SSD (solid) as well as HD (dashed)
cases. Bottom: The difference between the PDF for SSD and HD cases
v, ssp — U up- Positive (negative) values on horizontal axis correspond to
upflows (downflows).

to compare the shapes of the PDF between the different stars and
to examine the changes between the SSD and HD cases (Fig. [6]
bottom panel). First of all, we note that all cases show a similar
PDF, with a sharp high peak for upflows and a broad low peak
for downflows. There are a couple of exceptions to the general
trend: the downflow peak for the M-star is lower than for the
others. This might partly be a consequence of a somewhat higher
upflow fraction for the M-star (~60%) compared to the other
stars (~55-57%). Another difference is the upflow peak for the
F-star, which is offset to relatively smaller velocities compared to
the other stellar types. This is consistent with a thicker tail for the
high upflow velocities v, and probably reflects the larger spread
in v, for the F-star. Notwithstanding these small differences, the
distribution of velocities is remarkably similar for all the four
stars.

In the presence of SSD magnetic fields, we see that there is a
decrease in the mean upflow velocities. This is possibly a conse-
quence of reduced kinetic energy in upflows due to presence of
SSD fields, with the fields acting effectively as enhanced viscos-
ity. The mean downflow velocities remain relatively unchanged.
This may be related to the fact that magnetic fields in downflows
are close to vertical, allowing downflowing plasma to remain rel-
atively unhindered, whereas the magnetic field above granules is
largely horizontal, which impedes upflowing plasma (Schiissler|
& Vogler|2008]; [Rempel|2014)).

3.4. Spatial distribution of energy

The spatial power spectrum plot for the magnetic energy (ME)
in Fig. [/| (top panel) shows a fairly similar distribution for the
G, K and M-star, whereas for the F-star, the spectrum is slightly
steeper at the larger scales and has higher power than the spectra
for other stars at all wavenumbers. The power spectra for ki-
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Fig. 7. Spatial power spectrum of magnetic and kinetic energies at the
iso-t = 1 surface. Top: Power spectrum of magnetic energy for all
the SSD cases. Middle: Power spectrum of the kinetic energy for all
the SSD (solid, dark) and HD (dashed, light) cases. Bottom: Percent
change in the kinetic energy power spectrum for SSD cases, relative to
HD cases. The top and middle plots are normalized by the total kinetic
energy for the F-star (solid blue).

netic energy (KE) (middle panel) are also very similar for all the
stars at smaller wavenumbers and roughly similar for the larger
wavenumbers. In fact, the relative changes in the KE power spec-
tra between the SSD and the HD cases (bottom panel) are re-
markably similar for all the models, with a decrease in energy
at the largest scales (smallest wavenumbers) and the smallest
scales (largest wave numbers). On the other hand, there is no
significant change in the power at scales roughly corresponding
to granule sizes (see Sect. [3.2)for details on granulation scales).
Since the dimensions of all the stars are scaled to have a simi-
lar number of vertical pressure scale heights (and the horizontal
size is scaled accordingly to maintain aspect ratio), the similarity
in all the power spectra point to a simple pressure scale height
scaling of the relevant dynamics.
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Fig. 8. Horizontal force balance in a vertical slice of a magnetic field concentration for the F-star. Left: Plot of bolometric intensity with the
selected magnetic element highlighted by the green rectangle. Red contours represent areas with B?/81 > pg,s. Right: Map of B, in the x-plane
with horizontal axis in Mm and vertical axis in number of pressure scale heights above (negative) and below (positive) the (r) = 1 height. The
dark red, red and yellow contours show the iso-log,, 7 =1,0,-1 surfaces, respectively. The line plot on top shows the diagonal terms of the total

stress tensor (refer to Eq.[T]and Sec. [f-1]for details). Animation available.
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Fig. 9. Same as Fig. [8] but for K-star. Animation available.

4. Discussion
4.1. kG magnetic fields

As mentioned in the introduction, the distribution of small-scale
magnetic field strengths is well-studied for the solar case. The
weak (sub-kG) field distribution is explained in terms of an
equipartition between KE and ME: weak turbulent magnetic
fields get carried upward and outwards from granule centres and
get collected in intergranular lanes up to kinetic energy equipar-
tition in a process called flux expulsion (Weiss|[1966). However,
the field strength corresponding to KE equipartition is substan-
tially sub-kG. To explain the presence of kG fields, the convec-
tive collapse mechanism (Parker|[1978}, [Spruit & Zweibel[1979;
has usually been invoked. A qualitative picture of
the mechanism is as follows: magnetic field gets accumulated
in downflow lanes due to flux expulsion from granule centres.
This field can intensify up to equipartition with kinetic energy.

Ny —sum_y
A — pgas 3000
=8 —— B"2/8pi
g —— rhowy"2

- 2000

By~ 2/dpi |

1000

—1000

—2000

—3000
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bz (x=2.90 Mm)

At this point, a nascent flux tube forms. While plasma in the tube
keeps flowing downwards, the flow of plasma into the lanes is re-
stricted by the Lorentz force, leading to the tube getting evacu-
ated. Finally, to maintain horizontal force balance, the tube gets
compressed, causing the magnetic field to amplify, potentially
up to pressure equipartition (pPmag = B*/8n ~ Pgas)- The effi-
ciency of this mechanism can be thought of in terms of the min-
imum plasma 8 = pgas/pmag (0r the strongest fields) for which
this instability can work in an idealized flux tube. Rajaguru et al.
(2002) showed that this minimum S shows an increasing trend
with Tt and decreasing g, implying that convective collapse is
more efficient for hotter stars.

However, this mechanism can only explain field strength up
to pressure equipartition, whereas our simulations reveal pres-
ence of super-equipartition fields for the F and G-stars. The rea-
son for this is that convective collapse is an idealized model
that assumes flux concentrations exist as stable thin vertical flux
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tubes and only accounts for the importance of magnetic pressure
and gravity. Realistic simulations of flux concentrations have
shown that the assumptions are not quite satisfied, especially
near the surface where 8 ~ 1 (Yelles Chaouche et al.[2009).
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Fig. 10. Average over time of the line plots described in Fig. (mp) and
Fig. [0 (bottom), respectively. Error bars are 1o~ standard error.

Some idealized convection studies have indeed shown to re-
sult in magnetic field concentrations well above Bgp, for exam-
ple, inBushby et al.| (2008)), where they cite dynamic pressure as
a major factor leading to super equipartition fields. This becomes
especially important for hotter stars like our F-star, where veloc-
ities in the photosphere are, on average, sonic, and the turbulent
pressure is non-negligible compared to gas pressure. To under-
stand which factors are important for the formation and evolu-
tion of flux concentrations we consider the momentum balance
equation in the following form,

d(pv;)
dt

1 2
= —VJ' (pgaséij +p()il)j + E (—

5 5ij—BiBj))+Pgi (1)
Here, the indices i, j correspond to the x,y,z directions and
gi = (0,0, —gsus). The terms on the right hand side within the
parentheses are the gas pressure and, when averaged over time,
the Reynolds and Maxwell stresses, respectively. The Maxwell
stresses themselves can be decomposed into an isotropic mag-
netic pressure term and a general magnetic tension term, respec-
tively.

We consider individual field concentrations for the F-star
(Fig.[8) and the K-star (Fig.[9). We note that Eq. [I| must always
be satisfied at any given point of time. For horizontal force bal-
ance, however, we only consider the diagonal terms (i = j) of the
total stress tensor (first bracket on the right hand side) for sim-
plicity. For a cut along the y-axis, these terms (gas pressure pgys,
magnetic pressure B>/8x, pv? and B2 /4, plus the sum of all the
components) are plotted for the highlighted field concentration
in the left panel for both Fig.[8]and[9]at a given instant.
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If there was perfect horizontal pressure balance, the thick
blue line in Fig. [§] and [9] would be flat. That is clearly not the
case, however, even for the K-star. This means we are possibly
missing contributions from the time-dependent d(pv;)/dt term,
as well as the off-diagonal components (i # j in Eq. [I) of the
stress tensor. To account for the former term, at least, we av-
erage over the lifetime of the magnetic field concentrations for
both the F- and K-star. The corresponding averages are plotted
in Fig. [I0] Luckily, the horizontal balance is reasonably well-
maintained (that is, the thick blue line is relatively flat) with just
the diagonal components for the F-star (top) as well as the K-star
(bottom). The difference between the two cases is the strength of
the magnetic pressure relative to the gas pressure: in the F-star,
B2/8n > Deas in the centre of the field concentration, whereas for
the K-star, B>/87 ~ Peas/3. The reason for this difference, in this
case, is the extra contribution from the pvi term, which is roughly
Dgas/4 outside of the field concentration. We note that the value
Of Begp,tot 18 around 1 kG for the F-star for the z(ry-; slice, which
explains why the kG fraction in this case is essentially zero.

The degree of evacuation of a flux tube is dependent on the
level of superadiabaticity (Spruit & Zweibel|[1979), with hotter
stars having higher superadiabaticity near the surface (Rajaguru
et al.||2002; Beeck et al.|[2013a). This explains the trend of kG
fields in G, K and M-stars relative to pressure-equipartition field
strength. However, based on the analysis above, for the F-star,
an additional contribution from the diagonal component of the
Reynolds stresses (here, pvj) must be accounted for at the very
least. When this is done, the equipartition field strength rises to
~ 1 kG and the fraction of field strength above this drops to zero
essentially, as noted in section [3.1] Another thing to note here is
the depth of the iso-7 = 1 surface in terms of ny,: For the F-star,
the dip in the surface in the intergranular lane can be > 1.5ny,,
whereas for the K-star, this dip is much less than 1.5nHP. This
explains why the PDFs for the iso-t = 1 surface look rather
similar for all cases: the horizontal force balance is maintained
relatively deeper down for hotter stars (we "see" stronger fields),
whereas for cooler stars, the depth difference is not so significant.

4.2. Granulation and intensity distribution

All models show slight changes in the apparent granulation with
the inclusion of SSD fields. In Paper I, we showed that the in-
clusion of SSD fields results in a reduction in the ratio of hori-
zontal to vertical velocities vy ms/U;ms as well as in the density
scale height H,. Above the surface, H, reduces for the SSD F-
star, but stays largely the same for the SSD G, K and M-star, as
the decrease in turbulent pressure is roughly compensated by an
increase in magnetic pressure. However, vjms/v;ms decreases
for all cases. Based on simple momentum conservation argu-
ments, the diameters of convection cells at any depth is given
by D = 4(v;/v,)H, (Nordlund et al.[2009), so one would expect
the granule size to decrease accordingly. To check that, we base
the average granule size on the peak of the spatial power spec-
trum Py, of Iy,. Previous simulations have shown a tight corre-
lation between granule diameters derived from this relation and
P, (Magic et al.|2013). A decrease in granule size would imply
a shift to smaller spatial scales (higher spatial frequency) of the
peak. This is, in fact, the case for all the stars, as shown in Table
This is also supported by observational indications of the rela-
tion between magnetic field and granule size for the Sun. Various
studies of variation in granule size within an active region (Title
et al.||1992; [Narayan & Scharmer|2010) and over the solar activ-
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ity cycle (Ballot et al.[2021), show a general inverse correlation
between the granule size and the magnetic field strength.
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Fig. 11. Mean values of normalized intensity f=U- (Dup)/T 1y, for
each bin of B, (fop) and B, (bottom) at the iso-t = 1 surface, plotted
over the respective joint histograms

At the smaller scales, the features are more varied between
spectral types. As mentioned before, all cases exhibit magnetic
bright points in intergranular lanes. We can more clearly see the
relation between magnetic field concentrations and intensity by
considering the joint histogram of B, and normalized intensity
== {Dup) /01, and plotting the mean values of [ values for
each B, bin (Fig. [IT] top panel). Here we see that F, G and K-
star have quite similar mean [ values, with a correlation between
bright features and strong B, values, qualitatively similar to ob-
servational findings for the Sun (Kahil et al.[2017). The trend is
also similar for the M-star, but the correlation is not as strong.
The fact that the plots for F, G and K-star basically overlap is a
consequence of the normalization of intensity by 7. In addition,
the horizontal fields B;, show no such correlation with intensity
(Fig. [T} bottom panel), firmly connecting bright points to verti-
cal field concentrations, confirming the result found for the Sun
by, e.g., Riethmiiller & Solanki|(2017).

The presence of magnetic bright points is expected to en-
hance power in the I, spatial power spectra at smaller scales,
but this is clearly the case only for G and K stars. This can be
understood in terms of where the 7 = 1 surface is formed with
respect to where the energy transfer shifts from convective to ra-
diative (Nordlund & Dravins|1990) for different stellar types. As
discussed in Sect. 4.2 of Paper I, for the F and G-star, the 7 = 1
layer forms below where most of overturning of plasma takes
place, leading to naked granules whereas for the K and M-star,
it forms above, leading to hidden granules (see also Sect. 3.2
of [Beeck et al.| (2013b) for a more comprehensive description
of what constitutes a naked vs. hidden granule). Especially for
the F-star, the turbulent structures within granules are seen very
clearly in the HD case. However, with SSD fields, this turbu-
lent appearance smooths out significantly as the magnetic field
ends up acting like an effective viscosity hindering the flow. This
affects not only the intensity distribution but also the overall ra-
diative flux: For the F-star, there is a slight decrease in the bolo-
metric intensity (see column 4 of Table [2), i.e. the decrease in
intensity due to the magnetic field’s effect on convection dom-

inates over the enhancement due to bright points. This effect is
not so strong for the G and K star, since the increase in contrast
due to bright points dominates. In addition, there is a slight in-
crease in bolometric intensity. For the M-star, there is practically
no change as bright points are relatively infrequent and their con-
trast is relatively low as well.

4.3. Energy distribution and vertical velocities

Our simulations show remarkably similar spatial distributions of
not just KE and ME, but also the change in KE between SSD and
HD simulations. Since all boxes are scaled by number of pres-
sure scale heights, this implies a simple pressure scale height
proportionality between important scales in the considered stel-
lar atmospheres. The presence of SSD fields results in reduction
of KE at sub-granular scales as well as the scale of the whole
box. Energy for the magnetic fields is extracted from the KE
reservoir at small (sub-granular) scales, which leads to fields
with strength near kinetic energy equipartition, and this ME cas-
cades to the largest scales, resulting in a net reduction of average
KE. Global simulations of SSD also show a similar reduction in
KE at the largest scale (Hotta et al.|[2022)), pointing to possibly
significant global consequences in stellar convection with SSD
fields.

An observational signature associated with this reduction in
convective velocities is change in the convective blueshift of
photospheric lines (Dravins et al.[[1981). Convective blueshift is
one of the few measurable quantities that encodes information
about stellar granulation. A reduction in v, would imply shifts in
line profiles used for estimating convective blueshift. Since these
simulations are gray, we refrain from calculating line bisectors
etc., as these are likely to be inaccurate. We plan to carry on this
analysis in a subsequent paper in this series.

The reduction of KE at smallest scales of around 40% (see
Fig. [7| bottom panel near k~10?) reflects the near-equipartition
division of energy between KE and ME at the scales where field
amplification takes place. The SSD mechanism and the corre-
sponding scale-dependent transfer of energy between the kinetic
and magnetic energy reservoirs has been extensively studied and
was shown to be quite universal (Moll et al.[2011).

Vol <vZ>p

Fig. 12. Difference between the SSD and HD cases for the mean
normalized intensity / as a function of normalized vertical velocity
U/ (U ms)up at the iso-T = 1 surface. Positive values on the vertical
axis mean a higher mean value for the intensity from the SSD case at
the corresponding velocity bin. Positive values on the horizontal axis
represent upflows.

Another way to study the effect of SSD fields on intensity
is to consider the joint PDFs of I and /(U rms)up and exam-
ine the difference between the mean  for SSD and HD cases. In
brief, we compute the mean value of intensity in every velocity
bin for the SSD and HD case and plot the difference in Fig.[12]
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We see that, for the F, G and K-star SSD cases, / is enhanced
in downflows, as would be expected from bright points forming
in downflows. Interestingly, there is a slight increase in / for up-
flows as well for all cases (except the F-star), which could mean
that granules are in general a little brighter for SSD cases.

5. Conclusion

The presence of SSD fields in our simulations affects the photo-
sphere in a rather similar manner for the cool-star spectral types
considered here: fields are amplified due to turbulent plasma mo-
tions at sub-granular spatial scales. These fields then get col-
lected in intergranular lanes, where they get concentrated to kG
levels while (roughly) maintaining horizontal force balance. For
the F-star, the horizontal force balance is satisfied only after in-
clusion of Reynolds stresses, which leads to magnetic pressure
being higher than gas pressure in the strongest flux concentra-
tions. Magnetic bright points are also occasionally visible in the
downflow lanes, with a clear correlation of B, with I, as well
as an increase in the bright tail of intensity distribution. There
is also an overall slight decrease in granule size. Because of
the SSD fields, the upflow velocities also decrease, again with
a similar signature in PDFs of v_/(v;ms)up for all cases. This
decrease in upflow velocities signals a possible reduction in ex-
pected convective blueshift. In summary, an SSD acting in stellar
photospheres is expected to have an effect on spectral line shifts,
limb darkening as well as stellar variability at short time scales.
We plan to investigate these possibilities in subsequent papers in
this series.
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Appendix A: Spatial Power spectrum 10° 7
To compute the spatial power spectrum, we use the following o i
procedure: I i
h1072 ir
. . . 1
1. For a given 2D quantity ¢, take the 2D FFT (with i
the zero-frequency mode shifted to the center, e.g., with L — R 157.1G \ H
numpy . £ft. fftshift in python using numpy) giving g. o 10-4{ — G:1495G ‘% il
2. Multiply g with its complex conjugate §* to get Py x, = 4q" -y — K:155.1G i
3. For each radial wave number k = /k? + k2, construct a 1- M:158.1G :
k ] i
pixel wide mask. 1200 '
4. Take the mean of all the data in each mask and multiply by i
the radius of the mask to get power Py. i
—~ H
For bolometric intensity, we use ¢ = VI. For kinetic energy, ! 1072 il
= +/p/2 i = B/ V8r " i
= v. For magnetic energy, g = B . i
q=+p/ g gy.q = B/ 5 F 2595 G :
L 104 — G:173.4G il
Appendix B: Additional plots @ — K:157.7G i
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A 1072 it  Fig. B.2. PDF of the magnitude of magnetic field in downflows, for the
] 2 geometric surface z(»=; (fop) and for the T = 1 iso-surface (bottom).
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Fig. B.1. PDF of the magnitude of magnetic field in upflows, for the
geometric surface z(-=; (fop) and for the T = 1 iso-surface (bottom).
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