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Goal of this presentation:

*Review a few observational findings regarding the photospheric magnetic
field and its influence on chromospheric structure and dynamics

Overarching Theme: Flux Emergence

Emergence fuels the dynamics of magnetic phenomena in the solar
atmosphere

*Personal view: submergence on observable scales is very unlikely, but....

*Flux submergence may happen at scales that so far are unobservable
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Overview: Magnetic Field Structure of the Quiet
Photosphere



What Might Be the Chromospheric Field
Structure Over the Quiet Sun?

1. The observed structure of photospheric
internetwork magnetic fields
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ABSTRACT

We report on the a *F—y *F* multplet of Ti 1 and its interest for the study of “nrbulent” magpetic fields in
the quiet solar photosphere. In partucular, we argue that the sizable scartering polarization sigeal of the 4536 A
lipe (whose lower and upper levels have Landé factors equal to zaro), relanve to the rest of the lines in the
multiplet, zives direcr evidence for the existence of a ubiquitous, unresolved magnetic field. We cannpot determine

precisely the swensth of the Iaznenc Neld, DU Ifs verv existelce 15 evidebced by the diifersntial Hanle effect

technique that this T 1 mmlaplet provides.

Subject heading:: line: formation — polanzaton — scattering — Sum: atmosphere — Sun: magnenc felds

Magnenc fialds in the solar ammosphers mayv be detacted most
clearly by the circular polarization patern they induce in spec-
wal lines. However thus Zeeman effect techmique is not very
switable for mvestgating magnetic fields that have complex
uaresolved geomemes because the conmbutions of opposite
magnetc polanties within the spatiotemporzl resolution ale-
ment of the observanon tend to cancel out Conseguently. ex-
memealy weak magpenc Selds or even strong fields with a rather
convoluted topology may remain virmally undetectable.

This 15 unformupate since, according to our general picnue
of solar magnetism, most regions of the solar ammosphere are
expected to be filled by magnenc fields whose geomemies are
complex and far from bemng spanally resolved In particular
“turbulent” magnetic fields dnven by hughly chaotic fwd mo-
tons are supposed to pervade the “quiet” regions of the solar
photosphers, with muxed magpenc polarines even below the
photon mean free path (e.z.. Camaneo 1999) At higher chro-
mosnheric and coronzl levels. the medinm rarefies axponen-

The mam problem of these analyses 13 that they require a
reference zero-field polarization amplitude that, in nrn, heavily
relies on theorencal calculations. Ouly very recently such ra-
diative mansfer calculations have started to be sufficiently re-
alistc, taking mnto account the three-dimensional and dynamic
nature of the solar anmosphere (Trujillo Bueno et al. 200<). In
any case, the question mayv always be raised of whether all the
other relevant physical mechamsms that can produce depolar-
ization have been accounted for and whether the observed de-
polanzation can then be safaly ascribed to the presence of a
magnatic field In order to achieve model mndependence, it 13
useful to consider various specmal lipes with different sensi-
uvities to the Haple effect (Stenfio er al. 1998). Unformunately.
the parncular combination of atomic lines used by Stenflo et
al. (1998) 15 far from optinnun, because they have different
lipe formation propertues apd nope of them is imsensitive to
magnatic felds. Here we present an analysis of the polarizanon
pattem of the muluplet 42 of Ti 1. We arzue that the available
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up. and the depolanization of the continuum by the presence
of the specmal line canpot be neglected. Nevertheless, we can
always assume a simular effect for all the lines in the mmlnplet

and compare the 07 signals between them, in particular, with
the 4536 A line.

A theorenical estimate for the O/7 smucture of the mulnplet
1s shown In Figure 25. It kas been calculatad for a 90° obser-
vation of a layer of atonuc titanium 2as that 15 lhaunated from
below by a photosphenc-like radiation feld. Details on the
atomuic model and radiation field are ziven in Paper I First.
we have calculated the aromic polarization that optical punping
processes induce in all the levels of the atomic model i the
absence of any depolanzing mechapism Second, we have cal-
culared the O siznal mn each wapsition taking mto accouns the
emissivity as well as dichroism effects (s2e eq. [14] of Paper
I). As demonstrated in Paper [, this method 15 able to reproduce
(at least qualitanively) the smucnure of the whole second solar
specmun of Ti 1.

In order to model the depolarization due to a weak micro-
nrbulent maznetic Seld. we assume one and the same depo-
lanzing rate for all the atomuc levels, except for the levels
a’F, apd y °F°, which have Landé factors equal to zaro (Sugar
& Corliss 1985)." We point out that zll the *F terms of titanium
are well described by the LS coupling Therefors, according to
the well-known formula for the Landé factor. we can assume
that all the °F, and *F levels are completely insensitive to the
magnetc field. Fizures 2¢ and 24 show the O7 smuctuwre of
the a *F=y *F° multpler assuming depolanizing rates D of 10°
apd 5 x 10% 577, respectively, for all except the °F and *F°
levels (thick lings). If we roughly estimate an “equuvalent”
magnetc feld intensity through the equaton 2oy, g = 8.79 =
10°Bg = D (p, and g being the Larmor frequency and Landé
factor, respectively), then taking g = 1. a depolanzing rate
D = 10" 7! comresponds to 3 maznetic field of the order of
12 G whule D = 5 x 10" ¢~ implies 60 G. For comparison,
the dotted lines show the OT values when all the levels are
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Fia 2. —Tractional polarization () i= the 13 spectal lines allowed beswosz
t2e a " and y "F tarms of Ti 1. (o) Obssrvations near the solar imb as reported
= Gandorfar (2002). (&) Thecrstical (/7 calculated 25 explained mm the sext
(e, d) Same as (b), but assuming dapolumnn rates 10% a=d 5 x 10% 57,
rmmuh for 21l Ti 1 levels except t26 a 'F, and y °F cues. Noss the changs

of the (7 scale berween pansls The wevmzz of the dotted Lines is oxph.mad
= the texe, winds the astersk indicates 2 Ti 1 Line t2at ws do oot consider =
cur azalysis becanss it s beavily blsnded.

depolanized without exception Only the transitions nvolving
at least one level with 2 zero Landé factor (AN4327, 4536, and
2544) change thelr behavior, as expectad

It is of interest to note that this D = 5 x 10" 57! case pro-
duces a relanvely good agreement with the O/ observanons
of Gandorfer (2002) and that Trujillo Bueno et al. (2004) con-
cluded that when ope asswmes a volume-filling and single-
valued nucronwrbulent field. then the best theoretical fit to the
observed scattering polanizaton o the Sr 1 A4607 line 15 ob-
tained for B_ = 60 G.

Since we are considening transitions belonging to the same
multiplet, we can assune that they “form” o the same amo-
spheric region and bence under sinular environmental con-
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Network Boundary
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Horizontal Apparent Flux Density Bhapp (Mx cm™?)

Transient, strong
(100’s of Gauss)
horizontal flux

* Vertical flux
concentrated in
intergranular
lanes

 Horizontal flux is
over granules
themselves

Arcseconds



What are the Horizontal Internetwork Flux
Elements?

Most Likely, Emerging Flux in Granules



arcsec

Time Sequence of Internetwork Flux Emergence

R. Centeno et al. 2007

arcsece arcsec arcsec arcsec

Emergence begins as horizontal field in middle of granule

*As emergence proceeds, vertical components strengthen at both ends of
the horizontal field structure (red and green contours)

*Horizontal component disappears, vertical components rapidly migrate
to surrounding dark lanes

*Sequence very similar to small-scale emergence events in active regions
described by (Ishikawa et al. 2007)



Numerical MHD Simulations Help Us to
Understand the Internetwork Photospheric
Magnetic Field

Simulations by Rempel (2014) attain a self-sustaining small-scale
dynamo

Higher resolution, larger computational box lead to good
quantitative agreement with many aspects of observations

Allow investigation of role played by very small scale flux
elements



Continuum Intensity B, at t=1

Simulation by Rempel 2014 (4pJ 789, p 132)



Expanded view of
simulation:

(Contours
outline 1 kG
regions)
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(ApJ 789, p 132)
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<B,>/<IB,I>

Ratio of horizontal to vertical field strength in small-scale dynamo
simulation

20 G

(Figure from Rempel 2014, ApJ, 789, 132)



Scan upward into atmosphere

|B,| (vertical) B,=(B *+ B ?)'2 (horizontal)

5 Mm <IB,I> = 138.2 G Z=Zppr = —0.65 Mm <IB,J> = 184.8 G

Small-scale dynamo simulations, M. Rempel



Vertical slice showing plasma 3, vertical velocity v,
Scan horizontally through atmosphere

.y = 0.000 Mm

(white 2 B=1)

* Internetwork is high beta plasma through photosphere into
chromosphere
* Punctuated by occasional intense flux tubes

Small-scale dynamo simulations, M. Rempel



SST/CRISP Movies of Quiet Sun (Coronal Hole)



CRISP, Swedish Solar Telescope, One Supergranule
L. Rouppe Van Der Voort
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CRISP, Swedish Solar Telescope, One Supergranule
L. Rouppe Van Der Voort

SST/CRISP Fe 8302 Stokes V
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CRISP, Swedish Solar Telescope, One Supergranule
L. Rouppe Van Der Voort

SST/CRISP Ca Il 8542 line center
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CRISP, Swedish Solar Telescope, One Supergranule
L. Rouppe Van Der Voort

S5ST/CRISP H—alpha line center
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What Might Be the Chromospheric Field
Structure Over the Quiet Sun?

2. The observed structure of photospheric
network magnetic field



CRISP, Swedish Solar Telescope, Network Elements

L. Rouppe Van Der Voort
Photospheric Stokes V Ha Line Center
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Chromospheric Canopy From Polar Magnetic Network

SOLIS Ca II 854.2nm Chromospheric
LOS Magnetogram (North Pole)

SOLIS Fe I 630.1nm Photospheric
LOS Magnetogram (North Pole)

29-June-2009 SOLIS/VSM (See Jin, C. L. et al. 2013, ApJ, 765, 79)



Spicule dynamics observed in Ca II H with Hinode/SOT




Implications of Network Fields for Chromospheric
Field Structure

Network fields are kiloGauss, and unipolar on mesogranular scales

Network fields extend outward over internetwork forming a canopy
in the chromosphere

Internetwork flux of opposite polarity is swept to network by
supergranular flows = reconnection and chromospheric activity

Small-scale dynamics at the photosphere = reconnection =» large-
scale rearrangement of network field connectivity (“Magnetic
Carpet”: Title & Schrijver 1998)

Spicules are likely a chromospheric manifestation of network fields
and stronger internetwork flux elements



What Might Be the Chromospheric Field
Structure Over Active Regions?

1. The ever-expanding corona over active
regions



PASJ: Publ. Astron. Soc. Japan 44, L155-L160 (1992)

Continual Expansion of the Active-Region Corona Observed
by the Yohkoh Soft X-Ray Telescope
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Abstract Hinode XRT movie,
We have found from the observations of the Yohkoh Soft X-ray Telescope (SXT) that the corona above CR205 5 Aprll 2007

active regions expands occasionally, and almost continually in the cases of “active” active regions. This is
contrary to the commonly accepted idea of magnetohydrostatic equilibrium of these regions. The key to
this discovery has been a movie representation of the Yohkoh-SXT data, which, for the first time, provides
adequate sampling and continuity for this purpose. The movies show ubiquitous expansions above the
active regions, with velocities in the range of a few to a few tens km s~! as measured when they are on
the limb. The expansion appears to preserve the overall structure of the active-region corona. We suggest
that the expansion may have a physical relationship with the transient loop brightenings found within the
active regions. This finding of almost continual expansion of the active-region corona may affect some of
the basic ideas concerning active regions, as well as those of the mass-loss from the Sun and Sun-like stars.

* Flux submergence is difficult via magnetic tension: field curvature must
be comparable to a scale height

* Consequence: active region field evolution dominated by flux emergence
and expansion into the chromosphere/corona




Continual emergence/expansion might explain the
chromospheric inverse Evershed etfect
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What Might Be the Chromospheric Field
Structure Over Active Regions?

2. Plage: the source of most active region
chromospheric emission



Strong plage has significant fine structure, but appears unipolar with very
little or no opposite polarity inclusions:
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But is plage really unipolar?
Hinode SOT/SP Milne-Eddington Inversion

Continuum Intensity

Magnetic Flux

Zenith Angle
= I

Spatial Deconvolution Inversion (Buehler et al. 2015)

Inclination y [degrees Inclination y [degrees Inclination y [degrees
by ldegreesl a5 0 by ldearees a5 0 by ldearees]

180

y [arcsec]
sec]

i Leads to anomalous MgII
2t profiles near plage elements
=2 20 =0 -2 (DePontieu’s talk yesterday)?
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Fig. 20. a)—c) LOS inclination, y, at log(7) = 0,—0.9 and —-2.3, respectively. The black contour lines encompass core pixels. The arrows point to
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What Might Be the Chromospheric Field
Structure Over Active Regions?

3. Sunspots: strong, ordered fields in the
chromosphere



Sunspot magnetic fields:

* Strong, (relatively) stable
umbral fields

* Umbra has some fine structure
in deep photosphere (umbral
dots)

* Stable penumbral fluted
structure

Return flux in small, isolated
points in outer penumbra

 Always an extensive magnetic
canopy beyond the outer edge
of the penumbra

Swedish Solar Telescope, 23 May 2010, de Jorge
Henriques

Sunspot chromospheric magnetic fields:

* Simple, low-f§ plasma (ideal for study of MHD waves)

*  Fluted penumbral structure survives to chromosphere, leading to
interesting dynamical effects (e.g., penumbral microjets)



Simulations show fluted field, return flux in lowest layers

THE ASTROPHYSICAL JOURNAL, 729:5 (22pp), 2011 March 1 (Rempel) REMPEL

Quiet Sun

Penumbra

Figure 19. Field-line connectivity and associated horizontal flow speeds in simulated penumbra. The color of the field lines indicates the radial flow velocity (the
colors red, yellow, green, and blue correspond to velocities of <0, 2,4, and >8 km s~ !, respectively). Filament 1 indicates a peripheral umbral dot almost transitioning
to a penumbral filament. Filaments 2—6 sample different radial position in the penumbra. The semi-transparent plane indicates a magnetogram near (average) t = 1.
Smaller horizontal and vertical cross section indicate the regions from which we selected the seed points for the field-line integration.



Disk Center
g "

Chromospheric
penumbral micro-jets

Likely caused by
reconnection in fluted
field lines

penumbral micro-jet

magnetic reconnection

Katsukawa et al., 2007



What Might Be the Chromospheric Field
Structure Over Active Regions?

4. Filaments/Prominences: flux rope structure
in the photosphere/chromosphere



Active Region Filaments

* Some active region filaments are low-lying
* Influence magnetic structure of the photosphere

* Field topology at/near photosphere, intensity diagnostics strongly
suggest flux rope topology

* Field evolution suggests emergence of flux rope from interior



TRACE 171A

*Filament in
absorption is visible
under the arching
coronal structures in
emission

*Structure highly
suggestive of a flux
rope magnetic field
configuration

10 DC 79 ];ﬂ,ﬁ

. Arcseconds
Lites et al. 2010, fig. 2
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Indicators that Filament Flux Resides Above the Photosphere

Field strength of ﬁlament ~500 Gauss.
Inverse configuration, no adjacent strong
field plage to hold filament down

Low magnetlc fill fractlons suggest body
of magnetic structure is above the

photosphere
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Summary and Outlook

Extraordinary intermittency of field in deep photosphere probably has
little influence on chromosphere and above...... Except for interactions of
this structure with stronger kiloGauss flux elements that penetrate
upward to the chromosphere

Photospheric flux concentrations (network and plage) provide most of the
structure of the quiet and active chromosphere. What are the relative
roles of convective buffeting and reconnection driven by advection of
opposite polarity from surroundings?

Magneto-convection at and below photosphere creates a fluted penumbral
magnetic field topology. Opposite polarity has now been detected in plage.
How important is this topology to energetics of the active region
chromosphere?

Filaments (prominences) might hold the key to progression of the solar
cycle, but questions remain as to their formation mechanism. Future
observations should strive to establish mechanisms for origin,
stabilization, and destabilization of filaments



