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Motivation

Relevance

@ QS magnetism
covers >99% of
solar surface (even
during maxima);
15% in
inter-network

@ crucial to
understand the
solar global
magnetism

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

M. Rempel | ” 4



Motivation

Tool: spectropolarimetry (Zeeman & Hanle)

@ weak signals — high sensitivity required

@ small scales — high spatial resolution required
— difficult measurement!



Motivation

Observations
Tool: spectropolarimetry (Zeeman & Hanle)

@ weak signals — high sensitivity required

@ small scales — high spatial resolution required
— difficult measurement!

The consequence

@ disagreement about magnetic field strength
@ disagreement about angular distribution

@ disagreement about temporal behavior over activity cycle
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Controversial Findings

Statistical properties: correlation with activity cycle

Variation with solar activity cycle

Hinode long-term study (Buehler et al., 2013)
@ careful consideration of instrumental effects

@ no cycle dependence for By, and B,

(also: Shchukina & Trujillo Bueno, 2003; Faurobert et al., 2001; Kleint et al., 2010)

12

10

Fraction of significant V., [%]
©

/8]

2=

A A
= S
[ B &8 n E
A" Ap N S RN
Y B E

A A VA NN 3
N 3

N v E
~ % ? 3
. > =

- —_—

2007 2008 2009 2010 2011 2012
Time [Years]

Fraction of significant LP,, [%]

5

= ’/"
,/’ 3
E A 7 E
A A < /A=
X,

A A ALA A
NN Y E
XN 40 PR A

~ S E

o

2007 2008 2009 2010 2011 2012
Time [Years]



Controversial Findings ~ Variation with solar activity cycle

Statistical properties: correlation with activity cycle

Hinode long-term study (Buehler et al., 2013)

@ careful consideration of instrumental effects
@ no cycle dependence for By, and B,

(also: Shchukina & Trujillo Bueno, 2003; Faurobert et al., 2001; Kleint et al., 2010)
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L Most, if not all, of the magnetic structuring revealed by Hinode on the
quiet Sun has its origin in the global dynamo, not in a local dynamo.
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Controversial Findings ~ Strength: few Gauss — 200 Gauss

QS fields: Strength

Recent results: QS magnetic field
strength (Hanle)

@ Faurobert-Scholl et al. (1995): ~30 G
@ Bommier et al. (2005): 40-55 G

@ Trujillo Bueno et al. (2004): 130 G

@ Berdyugina & Fluri (2004): 15 G

@ Asensio Ramos & Trujillo Bueno
(2005): 10 G

@ Shapiro et al. (2011): 40-82 G
@ Kleint et al. (2010): 3-8 G (@5")
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Controversial Findings ~ Strength: few Gauss — 200 Gauss

QS fields: Strength

Recent results: QS magnetic field
strength (Hanle)

@ Faurobert-Scholl et al. (1995): ~30 G
@ Bommier et al. (2005): 40-55 G <
@ Trujillo Bueno et al. (2004): 130 G
@ Berdyugina & Fluri (2004): 15 G

@ Asensio Ramos & Trujillo Bueno
(2005): 10 G

@ Shapiro et al. (2011): 40-82 G

0.01 0.10 1.00 10.00 100.00
B [G]

@ Kleint etal. (2010): 3-8 G (@5") | Depolarization of rotational levels of MgH lines
(6u = coll. depol. rate)
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Controversial Findings ~ Strength: few Gauss — 200 Gauss

QS fields: Strength

Recent results: QS magnetic field
strength (Hanle)

@ Faurobert-Scholl et al. (1995): ~30 G
@ Bommier et al. (2005): 40-55 G

@ Trujillo Bueno et al. (2004): 130 G

@ Berdyugina & Fluri (2004): 15 G

@ Asensio Ramos & Trujillo Bueno
(2005): 10 G

@ Shapiro et al. (2011): 40-82 G
@ Kleint et al. (2010): 3-8 G (@5")
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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=11.3
@ Stenflo (2010): bimodal (B, = 5-10; 1
kG)

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

@ Asensio Ramos & Martinez Gonzélez
(2014): < 275G

10.0000F
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0.0100

100 dN/dB/N (G™")
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0.0001

—500 0 500 1000
Vertical flux density (G)

Magnetic dichotomy with two distinct
populations



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,

Bp=11.3
@ Stenflo (2010): bimodal (B, = 5-10; 1
kG)

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

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

J 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?

0.020
Same instrument: Hinode SOT/SP
(Zeeman) °3°r
@ Orozco Suarez et al. (2007): B, = 9.5, =
Bp=113 s 990
@ Stenflo (2010): bimodal (B, = 5-10; 1
kG) 0.005 |
@ Lites et al. (2008): B, =11, B, = 55
i { A 0.000 - .
() (A230e1n43)|.0<R27m505é& Martinez Gonzalez o 200" Taoo® oo TR

B [G]

Bayesian analysis of Hinode SOT/SP data



Controversial Findings  Orientation: horizontal, vertical or isotropic?

QS fields: Orientation

0.025, T
0.020} ,.' i \-‘
Measurements s
@ isotropic + horizontal peak oos| w45
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. . 0.010} [ I §
@ mainly horizontal 3
@ isotropic + vertical peak 0.005] o
0.000 - - . iﬂ“""
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Martinez Gonzalez et al. (2008); Asensio Ramos (2009); Asensio Ramos & Martinez
Gonzélez (2014)



Controversial Findings  Orientation: horizontal, vertical or isotropic?

QS fields: Orientation

0.010 1
)
@ isotropic + horizontal peak §
@ isotropic =

@ mainly horizontal 8 0.001 -

@ isotropic + vertical peak

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: horizontal, vertical or isotropic?

Summary angular distributions (Tab. 2 from Steiner & Rezaei, 2012)

no. authors instrument/  line  angular (B!
simulation ~ [nm] distribution ( BE
app
1 Lites et al. (2007, 2008) SOT/SP 630 predominantly horizontal 5
2 Orozco Suarez et al. (2007) SOT/SP 630 predominantly horizontal 2.1
3 Martinez Gonzalez et al. (2008)  VTT/TIP 1560 isotropic distribution —
4 Beck & Rezaei (2009) VTT/TIP 1560 predominantly vertical 0.42
5  Asensio Ramos (2009) SOT/SP 630 isotropic for weak felds —
6  Danilovic et al. (2010) SOT/SP 630 predominantly horizontal 5.8
7  Stenfo (2010) SOT/SP 630  predominantly vertical —
8 Ishikawa & Tsuneta (2011) SOT/SP 630 predominantly vertical 0.86
9  Borrero & Kobel (2011) SOT/SP 630 undeterminable —
10  Borrero & Kobel (2012) SOT/SP 630 non-isotropic —
11  Steiner et al. (2008) h20 630 predominantly hor- 4.3 (2.8)
v10 630 izontal 1.6 (1.5)
12 Danilovic et al. (2010) C mf=3 630 predominantly hor- 9.8 (3.5)
C+Byer 630 izontal 4.2 (2.6)




Controversial Findings  Orientation: horizontal, vertical or isotropic?

Summary of observations




Controversial Findings  Orientation: horizontal, vertical or isotropic?

Summary of observations
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Reasons for Non-Conclusive Results Low B — weak signals

Reason 1: Sensitivity of polarimeters
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Reasons for Non-Conclusive Results  Difference: Sensitivity to B_L and B,

Reason 2: Bias introduced by Zeeman effect

weak-field limit 10°

BH 0 V 71:\v ]
R0 3
B, o« [Q%+ U?]'V4 a ]
(w.r.t. line-of-sight) S 2 ]
S ool ]
Stenflo (2013) g Y ]
= noise leads to more Z 10*H | B, noise .
horizontal fields (disk ! ]
center) 0l . W .. TF, % 5L . THy
0 20 40 60 80 100
= apparent flux: Apparent flux density (G)
25x higher in B
non-Gaussian Hinode SOT/SP example




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

Reason 3: Height dependent B, & By,

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) o sinvy
(e.g. Vogler & Schiissler, 2007)

@ height dependent
(Rempel, 2014)

<B,>/<IB,I>
N

N

-0.5 0.0 0.5 1.0
z [Mm]

Rempel (2014)
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Reasons for Non-Conclusive Results Methods

Reason 4: Methods for QS diagnostics

Analysis methods

@ Zeeman vs. Hanle

@ selection of profiles
(o-level)

@ inversions

e ME vs. height dependent
o filling factor

@ direct techniques (e.g. line ratio)




Reasons for Non-Conclusive Results  Signal cancellation

Reason 5: Unresolved Stokes signals — signal cancellation




Reasons for Non-Conclusive Results  Signal cancellation

Reason 5: Unresolved Stokes signals — signal cancellation

Hinode __. GREGOR / Solar-C



Reasons for Non-Conclusive Results  Signal cancellation

Reason 5: Unresolved Stokes signals — signal cancellation




GREGOR/GRIS Observations

Solution: Improved instrumentation?
Recent results from GREGOR / GRIS
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GREGOR/GRIS Observations

GREGOR Infrared Spectrograph (GRIS; Collados et al., 2012)

GRIS fact sheet

@ Czerny-Turner
@ sensitivity < 10~4
@ \/AX~ 120000 (@1.56 pm)

@ Rockwell TCM-8600 1kx 1k
(LN-cooled)

@ 2 calibration units (F2 & Coudé
train exit)




GREGOR/GRIS Observations Data @ 1.56 pm /\
Stokes Profiles: Granule (TP) unbinned (=0/"126 pixel, noise level: 4 - 10~4)

x:7|0 V:|241 :

15650 15660 4 15670 15680
Wavelength [A] 18/30



GREGOR/GRIS Observations Data @ 1.56 pm /\
Stokes Profiles: Granule (TP) 4 x4 binned (=02'50 pixel, noise level: 1.7 - 10~4)
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GREGOR/GRIS Observations Data @ 1.56 pm

Scan of quiet sun region (2015-Sep-15)
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GREGOR/GRIS Observations Data @ 1.56 pm

Scan of quiet sun region (2015-Sep-15)
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GREGOR/GRIS Observations Data @ 1.56 pm

Scan of quiet sun region (2015-Sep-15)
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GREGOR/GRIS Observations Data @ 1.56 pm

Scan of quiet sun region (2015-Sep-15) M'P'S
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GREGOR/GRIS Observations Data @ 1.56 pm

Scan of quiet sun region (2015-Sep-15)
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GREGOR/GRIS Observations Data @ 1.56

Comparison: GRIS vs. SOT/SP
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GREGOR/GRIS Observations Data @ 1.56 pm

Comparison: GRIS vs. SOT/SP
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GREGOR/GRIS Observations Data @ 1.56 pm

Comparison: GRIS vs. SOT/SP
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GREGOR/GRIS Observations

Comparison: GRIS vs. SOT/SP
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GREGOR/GRIS Observations Data @ 1.56 pm

ME-results of quiet sun region (2015-Sep-15) M'P'S
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GREGOR/GRIS Observations Data @ 1.56 pm

ME-results of quiet sun region (2015-Sep-15)
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GREGOR/GRIS Observations Data @ 1.56 pm

Histogram: Magnetic Field Strength

B, All Pixels B, (Q or U)>3.00 or V>3.00
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GREGOR/GRIS Observations

Histogram: Magnetic Field Inclination

Data @ 1.56 pm

Y, All Pixels Y, (Q or U)>3.06 or V>3.06
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GREGOR/GRIS Observations Data @ 1.56 pm
2D-Histogram: B vs. v

B [G] (log10)

ME: All Pixels
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v

Quiet Sun Fields

@ strength: 20—150 G
@ mainly horizontal

@ few and weak vertical fields
2.5 . . . AUV /v

2007

B [G] (log10)
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v

B [G] (log10)

Quiet Sun Fields

@ strength: 20—150 G
@ mainly horizontal
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@ few and weak vertical fields
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GREGOR/GRIS Observations Data @ 1.56 pm

2D-Histogram: B vs. v

Quiet Sun Fields

@ strength: 20—150 G
@ mainly horizontal

@ few and weak vertical fields
2.5 . . . AUV /v

2007

B [G] (log10)
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GREGOR/GRIS Observations ~ Comparison to MHD

2D-Histogram: B vs. ¥ MHD-data

MHD-ME: All Pixels
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GREGOR/GRIS Observations ~ Comparison to MHD

2D-Histogram: B vs. ¥ MHD-data

MHD-ME+PSF: All Pixels MHD-ME+PSF: (Q or U)>3.06 or V>3.
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GREGOR/GRIS Observations ~ 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!
= 4.9 [+ " . " b Z.J 7..'\.. . . ¥
) ; !
Syt "
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1.5} 15}
: : 2
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Line-Ratios

Do we resolve the quiet Sun fields?

Magnetic Line Ratio Technigque (Solanki et al.,
1992)

_ geff(1 5652) Vmax(1 5648)

MLR = geff(1 5648) Vmax(1 5652)

Requiremenrts:
@ spectral lines identical except for Landé factor
@ 2 distinct components:
(1) magnetized, (2) field-free _
— not fulfilled for Fe | 1.56 line pair 05 +—T——T T

3 0 0 0 0 200 400 600 800 1000
— BUT: points towards right direction g ifemend i telibrone SLC

Line Ratio: 1.53 Viax (15648)/(3Vinax (15652))




Line-Ratios

Do we resolve the quiet Sun fields?

Magnetic Line Ratio Technigque (Solanki et al.,
1992)

_ geff(1 5652) Vmax(1 5648)

MLR = geff(1 5648) Vmax(1 5652)
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Line-Ratios

Do we resolve the quiet Sun fields?

Magnetic Line Ratio Technigque (Solanki et al.,
1992)

_ geff(1 5652) Vmax(1 5648)

MLR = geff(1 5648) Vmax(1 5652)

Requiremenrts:
@ spectral lines identical except for Landé factor
@ 2 distinct components:
(1) magnetized, (2) field-free

— not fulfilled for Fe 1 1.56 line pair 05— e
200 400 600 800 1000

Height independent field strength B [G]

Line Ratio: 1.53 Viax (15648)/(3Vinax (15652))

— BUT: points towards right direction




Line-Ratios

MLR for 2015-Sep-15 quiet Sun scan
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Line-Ratios

MLR for 2015-Sep-15 quiet Sun scan

Obs 2015-09-15
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Line-Ratios

MLR for 2015-Sep-15 quiet Sun scan

Obs 2015-09-15
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Line-Ratios

MLR for 2015-Sep-15 quiet Sun scan MES
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Summary

Summary: Quiet Sun Magnetism

Steps toward a solution

@ crucial to understand Advances in instrumentation:

Sl Mg @ Hi-res & pol. sensitivity (10~%)

— GREGOR, NVST, NST, DKIST, EST,
Solar-C

@ dependency with level of
solar activity

@ strength & direction

Advances in analysis:
@ inversions: proper treatment of PSF /
straylight (“filling-factor” discussion,
2D-inversions)

@ proper treatment of height-dependence
@ improved modelling (Hanle)
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