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Motivation

Relevance

@ QS magnetism
covers >99% of
solar surface (even
during maxima)

@ crucial to
understand the
solar global
magnetism

@ local (surface)
dynamo or cascade
from global
dynamo?

M. Rempel | » A



Motivation

Tool: spectropolarimetry (Zeeman & Hanle)

@ weak signals — difficult detection; different sensitivity
for transverse and longitudinal fields

@ small scales — cancellation
— difficult measurement!



Motivation

Tool: spectropolarimetry (Zeeman & Hanle)

@ weak signals — difficult detection; different sensitivity
for transverse and longitudinal fields

@ small scales — cancellation

— difficult measurement!

The consequence

@ disagreement about magnetic field strength
@ disagreement about angular distribution
@ disagreement about u-dependence

@ disagreement about temporal behavior over activity
cycle




Controversial Findings ~ Strength: few Gauss — 200 Gauss

What is the distribution of field strengths in the QS? MESH

Same instrument: Hinode SOT/SP
(Zeeman)

@ Orozco Suarez et al. (2007): B, = 9.5,
B,=11.3
@ Lites et al. (2008): B, = 11, B, =55

@ Stenflo (2010): bimodal (B, = 5-10; 1
kG)

@ Asensio Ramos & Martinez Gonzalez y T S uf X il
(2014); < 275G 0 5 10 15 20 25 30 35 40

Areseconds

Deep mode scans Hinode SOT/SP
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Controversial Findings ~ Strength: few Gauss — 200 Gauss

What is the distribution of field strengths in the QS?

Same instrument: Hinode SOT/SP

(Zeeman)

@ Orozco Suarez et al. (2007): B, = 9.5,
By, =113

@ Lites et al. (2008): B, = 11, B, = 55

@ Stenflo (2010): bimodal (B, = 5-10; 1
kG)

@ Asensio Ramos & Martinez Gonzélez
(2014): < 275G
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Magnetic dichotomy with two distinct
populations



Controversial Findings ~ Strength: few Gauss — 200 Gauss

What is the distribution of field strengths in the QS?

0.020
Same instrument: Hinode SOT/SP
(Zeeman) °8°
@ Orozco Suarez et al. (2007): B, = 9.5, =
Bh=11.3 e
@ Lites et al. (2008): B, = 11, B, =55
@ Stenflo (2010): bimodal (B, = 5-10; 1 i i
kG)
i i A 0.000 - -
() (A230e1n43)|.0<R27m505é& Martinez Gonzalez o 200" T400® oo B

B [G]

Bayesian analysis of Hinode SOT/SP data



Controversial Findings ~ Orientation: L, || or isotropic?

QS fields: Orientation

0.025, ‘%“
@ isotropic + horizontal peak ,:'
@ isotropic - b &)
@ mainly horizontal ) o
@ isotropic + vertical peak -
@ bimodal ey
e B R O o

8 [deg]

Asensio Ramos & Martinez Gonzalez (2014)

9/33



Controversial Findings ~ Orientation: L, || or isotropic?

QS fields: Orientation

Measurements

@ isotropic + horizontal peak
@ isotropic

@ mainly horizontal

@ isotropic + vertical peak

@ bimodal
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Martinez Gonzalez et al. (2008); Asensio
Ramos (2009)
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Controversial Findings ~ Orientation: L, || or isotropic?

QS fields: Orientation

0.010 .
Measurements $
@ isotropic + horizontal peak s
. . =
@ isotropic =
@ mainly horizontal e
. . . & 0.001 7
@ isotropic + vertical peak
°

bimodal

0 45 90 135 180
Field inclination [deq]

Orozco Suarez et al. (2007); Orozco Suarez
& Bellot Rubio (2012); Lites et al. (2008)



Controversial Findings ~ Orientation: L, || or isotropic?

QS fields: Orientation
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Controversial Findings  Variation with heliocentric angle (-dependence) /\
\)

Occurrence on solar disk ) |

if P, # f(u) = isotropic distribution

@ Martinez Gonzalez et al. (2008):
same signals at all z-angles

@ Borrero & Kobel (2013): B more
horizontal at © = 1 than = 0.7 0.10 ¢

@ Orozco Suarez & Katsukawa
(2012): B more horizontal at x = 1 0.01 . " " b
than = 0.1 -1.0 -0.5 (')“(: 0.5 1.0

@ Stenflo (2014): B more vertical at
uw=0.5thanat x = 0.1
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Controversial Findings  Variation with heliocentric angle (-dependence)

Occurrence on solar disk

if P, # f(u) = isotropic distribution

y

@ Martinez Gonzalez et al. (2008):
same signals at all u-angles

@ Borrero & Kobel (2013): B more
horizontal at © = 1 than 4 = 0.7

@ Orozco Suarez & Katsukawa
(2012): B more horizontal at ;1 = 1
than = 0.1

@ Stenflo (2014): B more vertical at

uw=0.5thanat x = 0.1
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Controversial Findings  Variation with heliocentric angle (-dependence)

Summary of observations
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Summary of observations




Reasons for Non-Conclusive

Results Low B — weak signals

Sensitivity of polarimeters
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Reasons for Non-Conclusive Results  Signal cancellation

Unresolved Stokes signals — signal cancellation




Reasons for Non-Conclusive Results  Signal cancellation

Unresolved Stokes signals — signal cancellation

Hinode __. GREGOR / Solar-C



Reasons for Non-Conclusive Results  Signal cancellation

Unresolved Stokes signals — signal cancellation




Reasons for Non-Conclusive Results  Difference: Sensitivity to B_L and B,

Bias introduced by Zeeman effect

weak-field limit

BL 5 [QZ + U2]1/4

Stenflo (2013)

= noise leads to more
horizontal fields (disk
center)

= apparent flux:
25x higherin B
non-Gaussian

TTIIT
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Normalized noise PDF
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Hinode SOT/SP example



Reasons for Non-Conclusive Results  Difference: Sensitivity to B_L and By

Bias introduced by Zeeman effect

weak-field limit
BL 5 [02 + U2]1/4

Stenflo (2013)

Histograms of the noise in the deep-mode
Hinode SOT/SP observations, converted from
polarization to field-strength units using the
weak-field approximation. The measured
polarization noise is Gaussian with standard
deviations 0.035% for Stokes Q and U, 0.047%
for V . Although the noise in the linear
polarization is smaller, it translates to much
larger apparent field strengths B | ,noise than
the apparent field strengths B||,noise of the
circular polarization.

10°F

T

107!

T

1072 B e

T

1078

T

Normalized noise PDF

1075>+’“1“‘1“‘1

ol il il

I

0 20 40 60 80
Apparent flux density (G)

Hinode SOT/SP example

100



Reasons for Non-Conclusive Results  Height dependence of B_L vs. By,

Height dependent B & B,

BJ_ VS. BH

depends strongly on
@ spectral line selection

@ analysis method (height
dependent inversion vs. ME)

@ heliocentric angle (higher
opacity at limb)

Local turbulent dynamo

@ MHD: P(y) x sinvy
(e.g. Vogler & Schiissler, 2007)

@ height dependent
(Rempel, 2014)
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<B,>/<IB,I>
N

N

Rempel (2014)
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Reasons for Non-Conclusive Results  Height dependence of B_L vs. By,

Height dependent B & B,

BJ_ VS. BH

depends strongly on
@ spectral line selection

@ analysis method (height
dependent inversion vs. ME)

@ heliocentric angle (higher
opacity at limb)

Local turbulent dynamo

@ MHD: P(y) x sinvy
(e.g. Vogler & Schiissler, 2007)

@ height dependent

(Rempel, 2014)
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Dilemma: How to solve the controversies?

Solution: new instrumentation (Solar-C / GREGOR / DKIST)

Flux distribution (50G MHD)
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GREGOR/GRIS Observations

A biased view
Recent results from GREGOR / GRIS




GREGOR/GRIS Observations Data @ 1.56 pm

Stokes Profiles: Granule (TP) > 3¢

1.564510* 1.565010* 1.5655+10" 1.566010* 1.566510*
— fitted Wavelength [A]
observed




GREGOR/GRIS Observations Data @ 1.56 pm

Scan of pore with quiet sun region (2014-Sep-08) MESH

y [arcsec]

-0 10 20 30 -0 10 20 30 -0 10 20 30
X [arcsec] X [arcsec]

-0 10 20 30
X [arcsec] X [arcsec]

@ x,y =455",247" (u = 0.84) @ \/AX > 150000, 40 mA sampling

@ exp. time: 1 s/pixel and mod. state @ spatial resolution: 0735 (close to diff.
@ noise level (unbinned): 4-10~* I limit), sampling: 0”126
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GREGOR/GRIS Observations Data @ 1.56 pm
Scan of pore with quiet sun region (2014-Sep-08) é!x

B ) = -
0 10 20 30 0 10 20 3 020 30 0 10 20 30
X [arcsec] X [arcsec] X [arcsec] X [arcsec]
Inversion setup o free parameters
@ Milne Eddington in 6 Fel lines B, ¢,7, Vics Vb, &, S1, 10,
15631 — 15665 A, line strength as free parameter ) g|0ba| Strayhght (broad PSF wings)

20188
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GREGOR/GRIS Observations ~ Data @ 1.56 pm

Very quiet sun region (2014-Sep-08) IMESA)

All pixels J
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GREGOR/GRIS Observations Data @ 1.56 pm

Very quiet sun region (2014-Sep-08)
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GREGOR/GRIS Observations Data @ 1.56 pm

Very quiet sun region (2014-Sep-08) M'P'S
All pixels J
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remove all pixels with low signals
Survival of IG lanes or granules?
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GREGOR/GRIS Observations Data @ 1.56 pm

Very quiet sun region (2014-Sep-08) M'P'S
[(QvU) > 3o]V[V > 4.50U
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GREGOR/GRIS Observations Data @ 1.56 pm

Histogram: Magnetic Field Strength (Very quiet region, 40-50 Mx cm~2)

B, All Pixels B, (Q or U)>3.06 or V>4.5¢
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GREGOR/GRIS Observations

Histogram: Magnetic Field Inclination (Very quiet region, 40-50 Mx cm—2)

Data @ 1.56 pm
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (Very quiet region, 40-50 Mx cm~2)
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (Very quiet region, 40-50 Mx cm~2)

ME: All Pixels ME: (Q or U)>3.00 or V>4.5¢
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (Very quiet region, 40-50 Mx cm~2)
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GREGOR/GRIS Observations Data @ 1.56 pm

Search for kilo-Gauss fields

All pixels J
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GREGOR/GRIS Observations

Data @ 1.56 pm

Search for kilo-Gauss fields
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GREGOR/GRIS Observations Data @ 1.56 pm

Search for kilo-Gauss fields MES

All pixels J
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GREGOR/GRIS Observations Data @ 1.56 pm

Histogram: Magnetic Field Strength (QS + network fields, ~150 Mx cm—2)
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (QS + network fields, ~150 Mx cm—2)
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (QS + network fields, ~150 Mx cm—2)
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GREGOR/GRIS Observations

Data @ 1.56 pm

2D-Histogram: B vs. v (QS + network fields, ~150 Mx cm—2)

2
o

S 25
o0 I
EN
T 20
m

=
(91

ME: All Pixels

Stenflo (2010)

@ collapsed: kG, extremely vertical

©@ uncollapsed: weak fields, asymptotically isotropic at zero flux

ME: (Q or U)>3 0(5 or V>4 56

_.l"-

30

) magnet/c dichotomy with two d/st/nct populat/ons

24/33



GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v (QS + network fields, ~150 Mx cm—2)
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GREGOR/GRIS Observations ~ Summary - GRIS results

Quiet Sun & Network: Is the problem solved?

Quiet Sun & Network Fields: two distinct populations

@ prevalent horizontal

@ dominated by weak fields:
inversion logr=-0.8 log7 =0
ME 50-150 G
1D 30-100 G 50-200 G
LS removed 30-100 G 80—400 G

@ 2" population with mainly vertical, > 1 kG fields
@ kG fields only in deepest layer
@ lack of hG fields & intermediate inclinations

— consistent with bimodal distribtion
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Unresolved fields

What if the fields are unresolved?
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Unresolved fields

How to proceed?

Can Hi-Res Zeeman polarimetry provide a solution?
Problems:

@ noise — more horizontal fields

@ resolution — stronger, more isotropic fields (FF)
Solution:

@ noise-free data?
@ larger aperture telescopes?

7/
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Comparison to MHD

2D-Histogram: B vs. ¥ MHD-data
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Comparison to MHD

2D-Histogram: B vs. ¥ MHD-data
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Comparison to MHD

2D-Histogram: B vs. ¥ MHD-data

Increase of By:B, from decrease in spatial res!

® Byx/QU,B, x V — BPSF — /aB,
@ PSF-convolution: reduces Q, U,V = BPSF — uB,
signal by same factor o < 1 = recovered field is more horizontal!
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Comparison to MHD

Solution: new instrumentation (Solar-C / GREGOR / DKIST)

Flux distribution (50G MHD)
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Comparison to MHD

S/N Study: Stokes maps: QUV flags M'P'S
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inter-
mediate
incl.
50
(o] [a\]
m T o B
g 8 2 8
8 i g T
> ~ ~ 45 A
S S
5 5
£ =
40
mainly

horizontal 35 Pt SN |

26 28 30 32 34 36
X [arcsec]

2 4 6 8 10 12 14
X [arcsec]

8ili/I88



Comparison to MHD

S/N Study: Stokes maps: QUV flags M'P'S
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Summary
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