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ABSTRACT

Using many observations obtained during 2007 with the Spectro-Polarimeter of the Hinode Solar Optical
Telescope, we explore the angular distribution of magnetic fields in the quiet internetwork regions of the solar
photosphere. Our work follows from the insight of Stenflo, who examined only linear polarization signals in
photospheric lines, thereby avoiding complications of the analysis arising from the differing responses to linear
and circular polarization. We identify and isolate regions of a strong polarization signal that occupy only a few
percent of the observed quiet Sun area yet contribute most to the net linear polarization signal. The center-to-
limb variation of the orientation of linear polarization in these strong signal regions indicates that the associated
magnetic fields have a dominant vertical orientation. In contrast, the great majority of the solar disk is occupied
by much weaker linear polarization signals. The orientation of the linear polarization in these regions
demonstrates that the field orientation is dominantly horizontal throughout the photosphere. We also apply our
analysis to Stokes profiles synthesized from the numerical MHD simulations of Rempel as viewed at various
oblique angles. The analysis of the synthetic data closely follows that of the observations, lending confidence to
using the simulations as a guide for understanding the physical origins of the center-to-limb variation of linear
polarization in the quiet Sun area.
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1. INTRODUCTION

The weak magnetic flux of the quiet Sun is an important
component of solar magnetism. Guided by numerical simula-
tions (e.g., Rempel 2014), the average vertical field strength at
the photosphere is suspected to be about 60 G. Hanle-effect
analyses of scattering polarization in the quiet Sun (Trujillo
Bueno et al. 2004) yield measures of unresolved fields of this
same order. This average field strength would have magnetic
flux integrated over the solar surface of about ´4 1024 Mx, a
flux comparable to the 1025 Mx estimated to emerge through
the solar surface due to the global solar magnetic cycle
(Harvey 1993). The large amount of turbulent flux in the quiet
Sun may have important influences both the energy balance in
the solar atmosphere and the propagation of global wave modes
within the solar interior. It may also be an important ingredient
in the dynamo process that drives the global solar magnetic
cycle through its possible influence on large-scale convective
dynamics (i.e., differential rotation; Fan & Fang 2014).

With the advent of great advances in observational capability
for the measurement of solar magnetic fields during the past
decade, there has been much effort expended to characterize the
magnetic fields of the quiet Sun in quantitative detail. One
property of the quiet Sun fields that has come under close
scrutiny is their angular distribution. In particular, observations
have demonstrated the presence of horizontal fields in the very
quiet photosphere as first reported by Lites (1996). Hinode
observations have shown that these horizontal fields are
ubiquitous, have strengths in the hectoGauss range (Lites
et al. 2008; Ishikawa & Tsuneta 2009), and have larger
“apparent flux density” than the vertical fields. The term
apparent flux density does not refer to flux; rather, its unit,

-Mx cm 2, is equivalent to Gauss, and it refers to the inferred
field strength averaged over the resolution element. For fields
along the line of sight (LOS), the apparent flux density BL

app
times the observed area is the magnetic flux passing through
that area. The transverse apparent flux density BT

app represents
the average of the transverse component of the magnetic field
strength over the resolution element, but this measure cannot
simply be converted to magnetic flux in planes parallel to the
LOS without some knowledge of the extent and variation of the
field along the LOS. These considerations notwithstanding, the
fact that a multitude of discrete, small-scale features are visible
in linear polarization images above the Hinode noise level
demands that the magnetic fields giving rise to them must have
intrinsic field strengths of an order 50 G or larger, with spatial
averages of BT

app larger than that (Lites et al. 2008). In
comparison, the corresponding measures of BL

app∣ ∣ are of an
order -10 Mx cm 2.
The measures BT

app and BL
app should not be considered as

accurately representing the mean horizontal and vertical field
strengths. Vertical fields in the quiet Sun (Bz) are concentrated
in the intergranular lanes, and convective MHD simulations
indicate that the spatial structure of the field is greatly
underresolved in any measurement (Vögler & Schüssler 2007;
Rempel 2014). The simulations produce a tangled structure of
opposite polarity fields, especially in the intergranular (IG)
lanes. Thus, there is a great deal of cancellation of the circular
polarization signals arising from the unresolved vertical fields,
with the consequence that BL

app∣ ∣ is considerably smaller than
the actual spatial average of Bz∣ ∣. Examination of the numerical
simulations in detail (Abbett 2007; Schüssler & Vögler 2008;
Steiner et al. 2008; Danilovic et al. 2010; Rempel 2014), and
particularly those simulations evolving a small-scale dynamo
where only a tiny “seed” field is imposed to initiate the dynamo
process, indicates that the mean simulated horizontal field
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strength Bh exceeds that of the average Bz at heights in the
simulated quiet photosphere where magnetic diagnostic lines
form. This property of the simulations, first identified by
Grossmann-Doerth et al. (1998), occurs because the highly
spatially intermittent structure of the vertical field in the IG
lanes tends to close at very low heights in the photosphere,
leaving mostly horizontal loops to connect over distances
longer than the typical dimension of IG lanes. These longer
loops “float” near the tops of granules in the upper photosphere
—the convective overshoot region—where vertical convective
flows stagnate and horizontal fields may persist for some
minutes. The picture that has emerged from the simulations is
then that horizontal fields dominate over vertical fields in the
photospheric internetwork (IN) due to the presence of
horizontal loops of granular scale. Thus the distribution of IN
fields in these simulations is far from isotropic.

From an observational viewpoint, the dominance of
horizontal fields in the photosphere has not been shared
universally by all investigators (see review by Borrero
et al. 2015). Several authors have concluded that the angular
distributions of quiet Sun IN fields (regions of the quiet Sun
excluding the kiloGauss network flux elements) are quasi-
isotropic. Martínez González et al. (2008) examined spectra of
the Fe I lines at m1.56 m at various positions from the disk
center to the limb, and from the distributions of circular and
linear polarization they concluded that the data were consistent
with an isotropic distribution of fields. A Bayesian approach
was employed by Asensio Ramos (2009) to determine the
magnetic field vectors of a small portion of a Hinode quiet Sun
map at disk center. He concluded from this limited data set that
the angular distribution of weaker flux elements was essentially
isotropic. Stenflo (2010) examined distribution functions of
measures of linear and circular polarization extracted from
Hinode data observed at the center of the disk to probe the
distribution of fields and concluded that there is no evidence for
predominantly horizontal fields. Both Asensio Ramos (2009)
and Stenflo (2010) involved only a limited sample of Hinode
data taken in the “normal mode,” with smaller integration times
(hence a lower S/N) than other “deep mode” Hinode
measurements.

Other studies using similar data arrived at an opposite
conclusion. Orozco Suárez et al. (2007) and Orozco Suárez &
Katsukawa (2012) employed inversion procedures to extract
distribution functions of field strengths and inclinations of the
quiet Sun. They eliminated from their analysis pixels with total
polarization less than 4.5 times the rms noise level of the
observation, srms, in order to minimize the influence of noise.
Within that sample, they found the distribution of inclinations
to peak strongly around the horizontal, even for observations
away from the disk center. Analyses based upon inversions that
employ a threshold on the net polarization have been criticized
(e.g., by Borrero & Kobel 2011) in that much of the area of the
quiet Sun has linear polarization signatures smaller than their
threshold, and the threshold criterion is satisfied by the circular
polarization signatures alone. In such cases, the noise can be
misinterpreted by the inversion as a field more transverse to the
LOS than is actually the case. Using a different approach,
Borrero & Kobel (2013) chose to generate parameterized
theoretical distribution functions of the field, then compare
those with the observed distribution functions. Their conclu-
sion was that the field distribution is not isotropic.

Stenflo (2013) applied a novel technique to bear on this
problem that does not rely on inversions. He noted that much of
the criticism and uncertainty surrounding analysis techniques
directed toward understanding the angular distribution of quiet
Sun magnetic fields may be traced to two circumstances: (1) the
unavoidable mixture of noise and signal in the quiet Sun data
where we are attempting to interpret very weak polarization
signals, and (2) the nonlinear response of linear polarization
induced by the Zeeman effect to intrinsic field strength. The
usual technique to derive the inclination of the field to the LOS
is to employ both linear and circular polarization, the former
having a quadratic response to intrinsic field strength and the
latter having a linear response. The presence of noise may
introduce serious systematic errors into the results. Stenflo
(2013) noted that the linear polarization signature by itself
provides a robust and unambiguous diagnostic for the
distribution of field inclinations. Away from the center of the
solar disk, and in the polarization reference frame where the
positive Stokes Q is parallel to the solar limb, the sign of the
measured Stokes Q will be positive if the distribution favors
horizontal fields and negative for vertical fields. Random noise
in the measurement process cannot introduce a bias toward
either negative or positive values when a sufficient statistical
sample is available. Using this technique, Stenflo (2013)
performed an analysis of ground-based spectropolarimetric
observations obtained at varied distances from the solar limb
and concluded that the distribution of fields changes from
dominantly vertical when observed over most of the solar disk
to dominantly horizontal very close to the solar limb. He then
surmised that this behavior results from a height dependence of
the angular distribution where, at the greater heights in the
photosphere observed near the limb, the field becomes more
horizontal.
The data presented in the study of Stenflo (2013) had

excellent signal-to-noise properties owing to the long (∼30
minute) integration times of those ground-based observations at
each observed position on the solar disk. Strong flux elements
clearly identified in those data were not considered in his
analysis, but it is likely that the limited spatial resolution due to
seeing and the evolution of the Sun during the long integration
would allow some strong flux to remain in his data. For this
reason, it is possible that some intrinsically strong fields of
small dimension may affect his analysis. Indeed, Stenflo (2010)
argues for the presence of a strong-field component that is
unresolved even in the Hinode data.
The work reported herein is inspired by the innovative

diagnostic approach of Stenflo (2013) whereby only the net
linear polarization signals are considered in the context of the
transverse Zeeman effect. In contrast to the analysis of Stenflo
(2013), we apply that concept to a very large base of Hinode
space-based observations free of atmospheric seeing. The high
angular resolution of the Hinode Solar Optical Telescope
(SOT) observations permits us to more effectively separate
small-scale, strong-field elements from the desired behavior of
the weak IN. We aim to determine observationally if the weak
fields are isotropic or if they have a tendency for either vertical
or horizontal orientation.

2. OBSERVATIONS

We employ multiple observations from the Spectro-Polari-
meter (SP; Lites et al. 2013) of the SOT (Tsuneta et al. 2008)
onboard the Hinode mission (Kosugi et al. 2007). There are
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several reasons why we restrict our attention to data collected
during 2007. High polarimetric precision and accuracy are
extremely important to the study reported herein. All observa-
tions until late November of that year were obtained prior to
failure of the onboard X-band telemetry on the Hinode
spacecraft, hence large SP maps of the solar surface were
obtained routinely during this period employing both channels
of the dual-beam SP system. This type of observation yields an
intrinsically higher S/N and drastically reduced polarization
crosstalk that is induced by residual image motion. After 2007,
single-beam SP observations became the norm because only
the much slower S-band telemetry was available, so those
observations are essentially unsuitable for the present analysis.
In addition, 2007 in general, and 2007 September in particular,
saw a large amount of SP data collected in “deep mode,” where
the integration at each scan step of the slit is usually
considerably longer than that of the more typical “normal
mode” observation (three full rotations of the modulator, or
4.8 s). A large number of these deep-mode maps were obtained
at the north and south (N/S) solar poles, including the solar
limb, but others were taken of the east and west (E/W) limbs
and also on the solar disk.

For our study, we selected all deep-mode SP data of quiet
Sun regions gathered during 2007 that included the solar limb
in its field of view. Presence of the limb in the observations
allows us to determine accurately the angular parameter
m q= cos (θ is the angle of the observed LOS relative to the
local normal to the solar surface) for each spatial position in the
observation. This is important because we seek to determine
properties of the polarization spectra at the extreme limb of the
Sun. In addition to the limb observations, we selected a number
of deep-mode maps on the solar disk. Table 1 summarizes
properties of the 125 maps at the N/S limbs, the 15 maps at the
E/W solar limbs, and the 13 maps on the disk. The locations of
all the maps are presented in Figure 1, where it may be seen
that the maps have varying widths. In a few cases have less
than the maximum extent along the slit.

All maps used in this study had the finest spatial sampling
available to the SP: 0 16 along the length of the slit and 0 149
in the slit scanning direction perpendicular to the slit (Centeno
et al. 2009). Typical rms noise in the polarization continua of
the observed Stokes spectra at disk center are ´ -7 8 10 4( – )
relative to the continuum (Lites et al. 2013), but of course noise
levels increase somewhat toward the limb due to limb
darkening and within the cores of the lines.

Figure 2 presents Q and U spectra averaged over three of the
deep mode maps in the sample of disk maps. The gray scale
saturates at  -10 4, indicating that the residual signatures of
polarization in the Fe I lines are of small amplitude. The pair of
Stokes Q and U spectra at left (2007 February 27) result from
the averaging of a time series obtained at a fixed slit position
very close to the center of the disk. The polarization signatures
in the pair of spectral lines clearly show the dominant twin-
peaked line shapes characteristic of Zeeman-effect linear
polarization due to magnetic fields transverse to the LOS.
The line polarization signatures for this fixed-slit map are
considerably larger than those of the other two maps shown
because the solar magnetic features persist for a significant time
(∼10 m for magnetic structures associated with granulation)
relative to the length of the time series (∼160 m). The other
two data sets displayed in Figure 2 are spatial maps of a large
extent; therefore, they average over many more small-scale

features. The center spectra of Figure 2 are also at the disk
center, but the spectra at right show the average of the large
map in the southwest quadrant of Figure 1. The solar lines in
this map appear to have dominantly negative σ-components in
the Stokes U and also significantly positive π-components. This
signature is that expected for vertically oriented fields in the
observed quadrant, such that the net field vector is directed
between E/W and N/S orientations, the directions of the
positive and negative Stokes Q, respectively, in the Hinode
polarization reference frame. Hence the Stokes U also has a net
nonzero value for this orientation.
An artifact of the observations becomes apparent in these

averaged deep-mode spectra: rather uniform bands of polariza-
tion outside of the solar spectral lines that run approximately
perpendicular to the spectral dispersion. They resemble
polarized “fringes” at the ´ -few 10 5 level, but we have not
been able to identify their origin as an interference phenom-
enon. The fringes are neither strictly stable from one data set to
the next nor do they appear to be strictly periodic in
wavelength, although that is difficult to discern within the
limited wavelength sample of the SP data. They change in sign
and amplitude, and perhaps also in wavelength among the data
sets examined herein. For the most part, they appear to have
opposite signs in Q and U. They are not an artifact of the data
reduction process because they may also be seen in averages of
raw (“level 0”) data. Apparently they have only a secondary
effect upon our analysis (see Section 5).

3. NUMERICAL MHD SIMULATIONS

In order to improve our understanding of our diagnostic
techniques as applied to the observational data, we apply
analyses to synthesized Stokes profiles generated from
numerical MHD simulations that are identical to those applied
to the observational data. Since the focus of our study is the
weakest flux regions of the quiet Sun, we employ the small-
scale dynamo simulations of Rempel (2014). We work from a
single snapshot of these simulations with a 1536×1536
horizontal spatial grid on a spacing of 16 km. The Stokes
profiles for the two 630 nm Fe I lines were synthesized from the
simulation data cube (Danilovic et al. 2010, 2016a, 2016b) for
“look angles” from the vertical direction of
q =    0 , 40 , 60 , 80[ ]. To further simulate the Hinode SP
observations, these data were spatially degraded using a
representation of the Hinode point-spread function and
spectrally degraded to the spectral resolution of the SP in the
manner described by Danilovic et al. (2010). When spatially
degrading the simulated Stokes profiles, the spatial sampling of
the simulation data is also adjusted to mimic the Hinode SP
observations. For the cases with q > 0 , this results in
simulated maps that are rectangular with reduction of the
dimension of the maps in the direction along the simu-
lated LOS.

4. DATA AND ANALYSIS

Our analysis works with the “level 1” spectra of the four
Stokes parameters that are generated by the SP_PREP data
analysis package (Lites & Ichimoto 2013). Additional use is
made of the level 1 “quick-look data products” such as
continuum intensity, apparent longitudinal and transverse flux
density (BL

app and BT
app, respectively), and wavelength

position of the minimum intensity of the Stokes I profiles for
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Table 1
Hinode SOT/SP Observations

Map Date UT R.A.a Decl.b D DX Y,( )c μd DT e

North, South Limb Data
1 2006 Nov 28 13:53 1 991 152 82 0.161 6.4
2 2006 Nov 28 17:07 −50 991 50 82 0.154 6.4
3 2006 Nov 28 17:48 −30 990 92 82 0.161 6.4
4 2006 Nov 28 19:53 1 990 152 82 0.164 6.4
5 2007 Jan 09 20:02 0 952 103 164 0.326 9.6
6 2007 Jan 11 20:17 −1 955 34 164 0.322 9.6
7 2007 Jan 12 16:14 −1 −937 36 164 0.348 9.6
8 2007 Jan 13 20:32 −1 −935 49 164 0.351 9.6
9 2007 Jan 14 20:27 0 −935 56 164 0.350 9.6
10 2007 Mar 15 19:34 0 −926 159 164 0.350 9.6
11 2007 Apr 21 18:27 0 −916 76 164 0.351 12.
12 2007 Apr 21 21:33 0 945 76 164 0.308 12.
13 2007 Sep 01 20:35 2 927 297 164 0.336 8.0
14 2007 Sep 03 10:36 2 926 297 164 0.338 9.6
15 2007 Sep 04 18:13 2 927 297 164 0.338 9.6
16 2007 Sep 05 19:30 2 927 241 164 0.332 9.6
17 2007 Sep 06 00:28 2 926 297 164 0.339 9.6
18 2007 Sep 06 18:21 2 926 297 164 0.338 9.6
19 2007 Sep 07 02:02 2 927 104 164 0.332 9.6
20 2007 Sep 07 18:25 1 927 146 164 0.334 12.
21 2007 Sep 08 01:07 2 925 297 164 0.341 9.6
22 2007 Sep 08 18:15 2 927 156 164 0.332 9.6
23 2007 Sep 09 01:05 3 927 297 164 0.338 9.6
24 2007 Sep 09 13:05 3 −887 149 164 0.389 9.6
25 2007 Sep 10 01:15 0 925 293 164 0.341 9.6
26 2007 Sep 10 15:56 3 926 297 164 0.341 9.6
27 2007 Sep 11 14:06 3 916 297 164 0.354 9.6
28 2007 Sep 11 20:05 2 915 208 164 0.351 9.6
29 2007 Sep 12 00:15 −8 915 276 164 0.355 12.
30 2007 Sep 13 15:34 2 917 121 164 0.349 9.6
31 2007 Sep 13 18:05 2 915 208 164 0.352 9.6
32 2007 Sep 14 01:15 −7 916 278 164 0.354 12.
33 2007 Sep 14 18:10 3 919 56 164 0.346 9.6
34 2007 Sep 14 19:20 3 917 56 164 0.349 9.6
35 2007 Sep 14 20:25 3 917 56 164 0.349 9.6
36 2007 Sep 15 01:14 3 918 56 164 0.348 9.6
37 2007 Sep 15 02:21 3 918 56 164 0.347 9.6
38 2007 Sep 15 03:30 3 916 56 164 0.350 9.6
39 2007 Sep 15 04:40 3 917 56 164 0.349 9.6
40 2007 Sep 15 05:50 3 919 56 164 0.347 9.6
41 2007 Sep 15 07:00 3 916 56 164 0.350 9.6
42 2007 Sep 16 01:23 3 917 297 164 0.355 9.6
43 2007 Sep 16 19:07 3 917 42 164 0.350 12.
44 2007 Sep 16 20:20 3 916 42 164 0.351 12.
45 2007 Sep 17 02:00 3 916 42 164 0.351 12.
46 2007 Sep 17 03:10 2 916 41 164 0.351 12.
47 2007 Sep 17 04:10 3 917 42 164 0.350 12.
48 2007 Sep 17 05:15 −2 918 34 164 0.348 12.
49 2007 Sep 17 06:30 3 916 42 164 0.351 12.
50 2007 Sep 17 07:40 3 917 42 164 0.349 12.
51 2007 Sep 17 08:50 3 917 42 164 0.349 12.
52 2007 Sep 17 11:45 3 918 42 164 0.349 12.
53 2007 Sep 17 12:50 3 916 42 164 0.351 12.
54 2007 Sep 17 13:55 3 917 42 164 0.350 12.
55 2007 Sep 17 15:00 3 916 42 164 0.351 12.
56 2007 Sep 17 16:05 3 916 42 164 0.351 12.
57 2007 Sep 17 17:10 −4 917 29 164 0.350 12.
58 2007 Sep 17 18:10 3 916 42 164 0.351 12.
59 2007 Sep 17 19:15 3 917 42 164 0.349 12.
60 2007 Sep 17 20:20 3 917 42 164 0.349 12.
61 2007 Sep 17 21:25 3 917 42 164 0.350 12.
62 2007 Sep 17 22:30 3 918 42 164 0.349 12.
63 2007 Sep 17 23:35 −6 918 24 164 0.349 12.
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Table 1
(Continued)

Map Date UT R.A.a Decl.b D DX Y,( )c μd DT e

64 2007 Sep 18 00:25 3 917 42 164 0.351 12.
65 2007 Sep 18 01:30 3 917 42 164 0.349 12.
66 2007 Sep 18 02:35 3 918 42 164 0.348 12.
67 2007 Sep 18 03:40 3 916 42 164 0.351 12.
68 2007 Sep 18 04:45 0 917 36 164 0.351 12.
69 2007 Sep 18 05:55 3 919 42 164 0.347 12.
70 2007 Sep 18 07:00 3 916 42 164 0.351 12.
71 2007 Sep 18 08:05 0 917 37 164 0.350 12.
72 2007 Sep 18 16:41 2 916 41 164 0.351 12.
73 2007 Sep 18 18:00 3 917 42 164 0.351 12.
74 2007 Sep 18 19:05 3 918 42 164 0.349 12.
75 2007 Sep 18 20:10 3 916 42 164 0.352 12.
76 2007 Sep 18 21:15 −3 917 30 164 0.350 12.
77 2007 Sep 19 01:14 3 917 42 164 0.350 12.
78 2007 Sep 19 02:20 3 918 42 164 0.350 12.
79 2007 Sep 19 03:56 3 917 42 164 0.350 12.
80 2007 Sep 20 00:25 3 918 42 164 0.349 12.
81 2007 Sep 20 01:30 3 918 42 164 0.349 12.
82 2007 Sep 20 02:55 3 918 42 164 0.349 12.
83 2007 Sep 20 04:35 3 918 42 164 0.349 12.
84 2007 Sep 20 06:11 3 918 42 164 0.350 12.
85 2007 Sep 20 12:27 3 934 42 164 0.326 12.
86 2007 Sep 20 15:01 3 932 42 164 0.329 12.
87 2007 Sep 20 16:57 3 933 42 164 0.327 12.
88 2007 Sep 21 00:30 3 916 42 164 0.352 12.
89 2007 Sep 21 01:56 3 918 42 164 0.350 12.
90 2007 Sep 21 03:32 3 917 42 164 0.350 12.
91 2007 Sep 21 05:00 0 918 36 164 0.350 12.
92 2007 Sep 22 00:12 −27 918 236 164 0.353 12.
93 2007 Sep 22 07:21 0 915 36 164 0.354 12.
94 2007 Sep 22 18:15 −27 931 237 164 0.335 12.
95 2007 Sep 24 06:20 3 918 42 164 0.350 12.
96 2007 Sep 24 12:14 3 932 42 164 0.330 12.
97 2007 Sep 24 13:20 3 930 42 164 0.333 12.
98 2007 Sep 24 14:25 3 928 42 164 0.336 12.
99 2007 Sep 25 00:10 3 915 297 164 0.359 12.
100 2007 Sep 25 19:20 3 933 42 164 0.330 12.
101 2007 Sep 25 21:01 3 933 42 164 0.330 12.
102 2007 Sep 25 22:45 3 932 42 164 0.332 12.
103 2007 Sep 27 14:45 3 932 42 164 0.331 12.
104 2007 Sep 27 16:15 3 930 42 164 0.335 12.
105 2007 Sep 28 19:40 3 932 42 164 0.332 12.
106 2007 Sep 28 21:25 3 933 42 164 0.330 12.
107 2007 Sep 28 22:55 3 933 42 164 0.330 12.
108 2007 Oct 30 00:27 −38 953 212 164 0.313 12.
109 2007 Oct 30 05:54 4 957 77 164 0.305 9.6
110 2007 Oct 31 00:16 −34 954 220 164 0.313 12.
111 2007 Oct 31 05:55 3 956 36 164 0.308 9.6
112 2007 Nov 01 00:15 −21 955 247 164 0.313 12.
113 2007 Nov 02 00:08 −39 954 211 164 0.313 12.
114 2007 Nov 02 05:53 4 955 113 164 0.309 9.6
115 2007 Nov 02 11:36 −15 954 259 164 0.316 12.
116 2007 Nov 02 18:45 4 954 237 164 0.312 9.6
117 2007 Nov 03 00:12 −40 955 208 164 0.313 12.
118 2007 Nov 03 06:14 3 955 38 164 0.310 9.6
119 2007 Nov 03 07:25 4 955 64 164 0.310 9.6
120 2007 Nov 03 09:01 4 955 84 164 0.310 9.6
121 2007 Nov 03 10:57 −28 955 29 164 0.309 12.
122 2007 Nov 03 11:54 4 956 93 164 0.309 12.
123 2007 Nov 03 18:14 4 956 93 164 0.309 12.
124 2007 Nov 05 10:34 −17 954 51 164 0.312 12.
125 2007 Nov 05 12:04 5 955 93 164 0.311 12.
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each line. These data products are also produced by
SP_PREP.

In order to compensate for residual crosstalk, the SP_PREP
data reduction procedure senses the polarization level of the
continuum for each of the polarization spectra Q U V, , , then
adjusts the spectra to remove this polarization from the spectra,
in the process forcing the continuum polarization level to zero.
For each individual spectrum and Stokes [Q, U, V], this
procedure determines a mean over wavelength of the
continuum polarization relative to continuum intensity. It then
subtracts this factor times the observed lI ( ) from the
corresponding Stokes [Q, U, V] spectrum. In so doing, the
correction procedure ignores the possibility of continuum
polarization, which is known to be present close to the limb
(Stenflo 2005). The implications of continuum polarization,
and also of scattering polarization in the 630 nm Fe I lines, for
the results of this study are discussed in Sections 8.5 and 8.6,
where we argue that they do not adversely affect the
conclusions of our analysis.

4.1. Extraction of Stokes Q and U Signals

Because our analysis concerns only linear polarization, and
because we are most interested in the weakest signals of such,

we work directly with the calibrated Stokes Q and U spectra. In
order to extract the information of maximum polarization
sensitivity for the signed Q and U, we integrate the net signals
over the line profiles of the 630 nm Fe I lines using the linear
polarization line mask established for the SP quick-look data
analysis (the “Q mask” shown in Figure 4 of Lites et al. 2008).
This mask function, normalized to unit area, is multiplied by
the Q and U spectra to yield the wavelength-integrated signals
Qm and Um. The Stokes Q and U spectra are first shifted in
wavelength to compensate for the Doppler shift determined by
the wavelength of the minimum Stokes I within the Fe I
630.15 nm line and are then normalized by the continuum level
of the corresponding Stokes I profile. Therefore, all polariza-
tion signals reported herein are fractional and relative to the
local continuum intensity.
The Q mask represents the average of the Q spectra of the

quiet Sun after applying a coordinate rotation such that Q is
maximized and U is minimized. It is important to note that this
mask does not show the familiar negative Q signal at the cores
of the two Fe I lines that one typically sees in Stokes spectra.
The core signal arising from the Zeeman π-component is
mostly absent in the weak flux areas of the quiet Sun because
small Zeeman splitting owing to weak fields suppresses the

Table 1
(Continued)

Map Date UT R.A.a Decl.b D DX Y,( )c μd DT e

East, West Limb Data
1 2007 Apr 20 05:05 −925 14 76 164 0.269 12.
2 2007 Apr 20 08:09 932 14 76 164 0.257 12.
3 2007 Sep 06 07:04 −798 12 297 164 0.552 9.6
4 2007 Sep 09 07:05 808 14 297 164 0.545 9.6
5 2007 Sep 26 00:29 928 11 149 164 0.328 12.
6 2007 Sep 26 04:10 933 11 109 164 0.239 12.
7 2007 Sep 26 18:03 929 11 149 164 0.327 12.
8 2007 Nov 24 03:34 −941 8 93 164 0.283 12.
9 2007 Nov 26 00:14 −941 9 93 164 0.284 12.
10 2007 Nov 26 22:04 −949 9 75 164 0.253 12.
11 2007 Nov 27 00:10 −946 9 93 164 0.264 12.
12 2007 Nov 28 18:36 −944 9 93 164 0.268 12.
13 2007 Nov 28 21:00 −941 9 93 164 0.285 12.
14 2007 Nov 29 11:44 −946 9 93 164 0.277 12.
15 2007 Nov 30 12:22 −948 9 93 164 0.273 12.
On-Disk Data
1 2007 Feb 27 00:20 −17 11 108 164 0.999 9.6
2 2007 Sep 05 11:43 −483 11 149 164 0.862 8.0
3 2007 Sep 05 15:04 −303 11 149 164 0.947 8.0
4 2007 Sep 06 13:11 −122 12 149 164 0.991 8.0
5 2007 Sep 06 15:55 52 12 139 164 0.998 8.0
6 2007 Sep 07 11:44 237 12 149 164 0.968 8.0
7 2007 Sep 07 15:04 416 12 149 164 0.899 8.0
8 2007 Sep 08 15:34 587 13 131 164 0.788 9.6
9 2007 Sep 15 12:44 3 −169 148 164 0.984 9.6
10 2007 Sep 15 15:34 1 −319 145 164 0.942 9.6
11 2007 Sep 16 12:31 1 −469 149 164 0.871 9.6
12 2007 Sep 16 15:34 0 −619 149 164 0.761 9.6
13 2007 Nov 06 00:10 247 −450 297 164 0.848 9.6

References.
a R.A. of center of map, arcseconds east of disk center.
b Decl. of center of map, arcseconds north of disk center.
c Map size, arcseconds [E–W, N–S].
d Map average m q= cos .
e Total integration time per slit scan position, second.
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central core, but also because of inherent broadening due to
gradients in velocity along the LOS in the line-forming region.
The effect of the mask on our analysis is to emphasize the
sensitivity to the dominant Zeeman σ-components and to
suppress the noise present outside the line and in the line cores.
In this way we maximize our sensitivity to very small linear
polarization. Note that we choose not to work with Q/I and U/
I, as those measures will tend to suppress polarization signals in
the wings of the lines where the linear polarization is largest
and amplify the noise at the line center, where we demonstrate
that linear polarization signals are largely absent in the IN. It
should also be noted that emphasizing the σ-components does
not affect our analysis in this work for locations where the π-
component (of the opposite sign) is also prominent: the sign of
the Qm and Um signals will be correct even if the π-component
is not measured because our analysis isolates the usually
dominant σ-components.

4.2. Assignment to Bins in m

In order to build a highly statistically significant data base of
the center-limb (C-L) behavior of the Stokes Qm and Um

signals, we choose to assign signals to discrete bins of
m q= cos , where θ is the angle between the local vertical at the
point of observation on the disk and the LOS to the observer.
We have selected bins centered at m = n0.05n ,
= ¼n 1, 2, ,19. This binning allows us to have samples

ranging in size from about 106 samples at m = 0.05n to about
107 samples at m = 0.4n for the populous group of 125 maps at
the N/S limbs. These large samples render highly significant

results for mean values and also for distributions of the Q and
U signals even for bins extremely close to the limb. They allow
us to extract information regarding the line-integrated polariza-
tion to a precision of better than 10−5 relative to the continuum
intensity.
It is important to determine precisely the limb distance for

bins at small μ. The high resolution of the Hinode SOT and
the absence of seeing allows us to determine the position of
the limb in an SP map to a fraction of a pixel. When a limb is
present in a map, we use the limb to correct the pointing
coordinates from the data headers in the critical direction
perpendicular to the limb. Those header coordinates are
further adjusted by taking into account the offsets from the
spacecraft coordinates using the analysis of the periodic
Hinode SOT co-alignment data (Shimizu et al. 2007), and
these adjusted coordinates are used to determine μ for maps
on the disk.

4.3. Selection of Polarization Reference Frame

We choose to work with a coordinate system for linear
polarization such that +Q is oriented parallel to the solar limb.
Therefore, once the solar coordinates of the observation are
known, we perform a coordinate rotation between the Q and U
spectra, originally in the Hinode SOT preferred polarization
reference frame, where the+Q is oriented along the solar E/W
direction, into the coordinate system where +Q is parallel to
the closest solar limb.

Figure 1. Shown in outline are the positions on the solar disk of the 125 maps at the N/S solar limbs (blue), the 15 maps at the E/W limbs (green), and the 13 maps on
the disk (red).
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5. ANALYSIS OF OBSERVATIONAL RESULTS

5.1. Properties of the Spatially Averaged
Stokes Q and U Profiles

Figure 3 presents the spatially averaged Stokes Q and U
profiles for bins in μ averaged over all data of the 125 maps
obtained at the N/S limbs. Also shown as dotted curves with
each plot in Figure 3 is the Q mask profile used for extraction
of Qm and Um. The averages represented by the red lines in
Figure 3 exclude pixels for which > -B 170 Mx cmT

app
2 or

> -B 100 Mx cmL
app

2∣ ∣ (see Figure 4). The product of the Q
mask and the red curves for the Qm signals has a net positive
value at all sampled values of μ in spite of a small negative bias
in the vicinity of the 630.15 nm line. This is clearly not the case
when profiles are averaged over all pixels within each bin, as
indicated by the blue profiles in Figure 3. The stronger fields
force Qm to significantly negative values as a result of including
those elements that are biased toward a more vertical
orientation. At the extreme limb there are very few pixels

eliminated from the average by the high-signal criterion given
above, so dotted and solid profiles are similar for the
m = 0.06 case.

There remains a weak, broad negative bias of the order
- I10 c

5 around 630.15 nm; however, that level of net bias is
small compared to the average signals present in the Fe I lines.
The bias may arise from the fringe phenomenon indicated in
Figure 2, although no significant bias occurs around either line
in the average Stokes U profiles. Another feature of the bin-
averaged weak-signal (red curves) Q profiles are negative
satellite signals of amplitude - ´ -few 10 5 surrounding both
lines. These satellites are particularly obvious for the
630.15 nm line. This satellite signal arises during the averaging
process of mostly canceling positive and negative linear
polarization signals, and noise. One possible source of the
negative satellites may be the higher magnetic broadening
arising from strong, dominantly vertical but spatially unre-
solved fields, but we have not found a way to identify
unambiguously the source of the satellites. It is also possible

Figure 2. Average spectral images of Stokes Q and U are presented for three deep-mode data sets: an observation at a fixed slit position at the disk center (left two
panels), a large map at the disk center (middle two panels), and a large map away from the disk center (right two panels). The gray scale of the images saturates at a
polarization of ´ -1 10 4 relative to the continuum intensity. The polarization reference frame for these spectra is that of the calibrated Hinode data: a positive Stokes Q
is along the solar E/W direction.
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that the satellites may occur as a result of an instrumental effect
such as residual nonlinearity of the detection process or
electronic effects arising during CCD readout due to the
presence of the deep Fe I 630 nm spectral lines.

It is clear from these average profiles that the net Q-signal
extracted from the profiles after multiplication by the Q mask
will select the stronger signals near the line centers and
suppress the satellites. The net signals of solar origin are
dominated by the 630.25 nm line, so Qm will be positive on
average in spite of the broad negative bias at the extreme limb
surrounding the average profile of the 630.15 nm line. With
knowledge of a possible negative bias affecting the contrib-
ution of Qm from the 630.15 nm line, henceforth we present
results only for the mask applied to wavelengths around the
stronger 630.25 nm line. It should be noted, however, that
exclusion of the region around 630.15 nm from our analysis
does not result in a qualitative change of any of the inferences
from our analysis.

5.2. C-L Behavior of the Mean Linear
Polarization Signals Qm and Um

We present the C-L behavior of the extracted wavelength
average Qm and Um signals for the 19 bins in μ. These

bin-averaged signals are represented henceforth by á ñQm and
á ñUm . Figure 5(a) shows the results of binning all available
signals for the three classes of maps (N/S limbs: blue; E/W
limbs: green; on-disk: red) and distinguishes between á ñQm and
á ñUm (see key in Figure 5(a)). The dominant feature of
Figure 5(a) is the highly significant negative excursion of á ñQm

particularly between m< <0.2 0.5, and the relatively small
values of á ñUm over the entire disk. The small values of these
average Um signals (of an order 10−5 or smaller) verify that our
signals in á ñQm are essentially free of instrumental effects and
thus are of solar origin, since the measurement process of U is
identical to that of Q except for a phase difference of the
demodulation. Furthermore, as noted in Section 2, significant U
signals are seen in the average spectra of the disk map observed
in the southwest quadrant of the solar disk, so there is no
intrinsic property of the measurement process that would lead to
very low values of the U polarization parameter. The absence of
significant signals in á ñUm also attests to the minimal influence of
the “fringes” noted in Section 2.
The negative observed measures of á ñQm in Figure 5(a)

imply a dominance of vertical fields in the quiet solar
photosphere. These measures include contributions from all
flux in the quiet regions considered herein, including faculae

Figure 3. Average Stokes Q (left panel) and U (right panel) profiles, relative to the average continuum intensity, are plotted for the average μ-positions (indicated
above each plot at the right) of six of the 11 selected bins of μ (see Section 4.2) as populated in the set of N/S maps. The red lines show profiles averaged over pixels
having weak polarization signals ( < -B 170 Mx cmT

app
2 or < -B 100 Mx cmL

app
2∣ ∣ ; see Section 5.1), whereas the blue profiles indicate averages over all pixels

within each bin. The Q spectral masks applied to the data to extract the Q and U signals for each spatial pixel are presented as black dotted curves. Tick marks on the
ordinate are spaced by ´ -1 10 4. For clarity of presentation, individual plots are separated vertically by ´ -4 10 4, and dashed lines indicate the zero level for each
profile.
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known to harbor kiloGauss fields. The excellent spatial
resolution of these observations permits us to recognize and
exclude identifiable high-flux regions from the analysis.
Figure 4 illustrates the identification of those high-flux regions
for the case of a map at the north solar limb. The upper image
of Figure 4 shows the measure of linear polarization BT

app (see
Lites et al. 2008) where numerous small regions of high-flux
transverse fields appear bright. These regions are prominent in
linear polarization when viewed near the limb because their
kiloGauss fields are buoyant, thus forcing the fields to be nearly
aligned with the local vertical direction. Earlier discussions of
quiet Sun transverse fields observed near the limb may be
found in Lites (1996) and Ito et al. (2010).

The lower image of Figure 4 is the same as that of the upper
image except that we have set to black all regions within 0. 48
(three pixels) of any pixel having > -B 170 Mx cmT

app
2 or

> -B 100 Mx cmL
app

2∣ ∣ . We exclude both the high-flux regions
and their immediate surroundings in order to avoid the
inclusion of strong polarization signals spreading into the
surroundings via instrumental scattering. This scattering radius
of 0. 48 is smaller than the conservative value of 2 adopted by
Lites et al. (2014), but the lower image of Figure 4 indicates

that it is adequate. We note that for the particular map chosen
for Figure 4, the fraction of on-disk pixels having

> -B 100 Mx cmL
app

2∣ ∣ is 0.11%, whereas the fraction of
pixels with > -B 170 Mx cmT

app
2 is 0.96%. The total of all

excluded areas in this map is only 3.5% of the on-disk area
after excluding the immediate surroundings of the high-signal
pixels.
Exclusion of the high-flux regions identified as illustrated by

Figure 4 results in a dramatic change in the character of á ñQm ,
as shown in Figure 5(b). Excluding this small percentage of the
area reverses the signature of the linear polarization. In
Figure 5(b) the á ñQm signature is now significantly positive,
and it increases toward the limb. The N/S limb data (blue
curves) represent the largest data sample and show the most
consistent signatures. Because these maps are all obtained near
the limb, they have many fewer data points for m > 0.45, as
witnessed by the error bars representing the standard deviation
of the mean. Many fewer samples are available for the E/W
limbs (green curves), so those data appear much more variable
than the N/S data but show the similar increase toward the
limb for m < 0.4. We also call attention to the data for á ñUm : the
blue dashed curves for á ñUm show departures from zero at the

Figure 4. The transverse apparent flux density BT
app is displayed in the top image for a deep-mode map at the north solar limb obtained on 2007 September 6 between

00:28 and 05:57 UT. The gray-scale range is < < -B0 170 Mx cmT
app

2. The bottom image is the same as the top except that all pixels within 0. 48 of and including
any pixel having > -B 170 Mx cmT

app
2 or > -B 100 Mx cmL

app
2∣ ∣ are set to black. These black regions, representing 3.5% of the on-disk area of this map, are

excluded from the analysis resulting in Figure 5(b).
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level of only a few parts in 106. This is another indicator that
the results for á ñQm are robust and are not adversely influenced
by measurement artifacts.

The results of Figure 5(b) dictate that the majority of the IN
magnetic fields have a dominant horizontal orientation at
heights in the photosphere probed by these Hinode SP
measurements near the limb. This is the case for polar and
equatorial regions alike. Furthermore, strong network fields
dominate the spatially averaged linear polarization of the quiet
Sun observed near the limb, and they represent fields that are
vertically oriented, but they occupy only a few percent of the
observed area.

6. SIMULATION DATA AND ANALYSIS

Recent numerical MHD simulations of the solar photosphere
can reproduce many observed properties of the quiet photo-
sphere in quantitative detail (e.g., Danilovic et al. 2010;
Rempel 2014). They allow us to examine in detail the actual
structures contributing to the diagnostics we apply to real solar
data. We apply our analysis to the simulated data in an identical
fashion to that of the observations. The results for the simulated
á ñQm and á ñUm are shown by black curves in Figure 5.
Figure 5(a) shows a behavior similar to the observations: a
substantial negative á ñQm at q =  40 , 60 . Unlike the colored
observation curves, the sign of á ñQm from the simulations does
not become positive when we avoid strong-flux signals (except
for the q = 80 case), as shown by the solid black curve in
Figure 5(b).

For the analysis of simulations presented herein, we have not
added random noise to the simulated profiles. The differences
between the observations and simulations in Figure 5(b) may
not be ascribed to noise in the observations, as evidenced by
the low values of signals for the Stokes U in both simulations
and observations. Were statistical noise in the observations a
factor, we would expect the Stokes U to show a similar
discrepancy between simulations and observations as seen for
the Stokes Q. The difference between observations and

simulations in Figure 5(b) could arise from the limited
statistical sample of simulated solar structures. Alternatively,
the simulations could somehow be producing an excess of
negative Qm, even though the fields themselves are dominantly
horizontal throughout the photosphere (see Figure 14(a) of
Rempel 2014). We therefore explore the simulations in more
detail in Section 7.1 in order to understand the source of this
discrepancy.

7. DISTRIBUTION FUNCTIONS FOR Qm AND Um

7.1. Distributions for Simulated Data

Following the analysis technique of Stenflo (2013), we
examine distributions (histograms) of the Qm and Um signals
extracted from the simulated profiles, excluding regions of high
flux as described in Section 5.2. They are shown in Figure 6,
with blue and red crosses representing the positive and negative
values of Qm and Um, respectively. For weak signals,

< ´ -Q 3 10m
4∣ ∣ , we note significant asymmetry of the

histograms at large look angles, q =  60 , 80[ ]: positive
signals (blue) are more prevalent than negative ones, and
especially at q = 80 , where there is a clear displacement of the
histogram toward positive values. At higher signal values,

> ´ -Q 3 10m
4∣ ∣ , the opposite behavior is noted such that

strong signals have a significant preference for a negative Qm.
There is no indication for such trends in the histograms of Um.
The analysis presented in Figure 6 may suggest that our

procedure for avoiding the stronger flux elements in the
observed data is insufficient for these noise-free simulations,
but an alternative explanation arising from perspective effects
is discussed in Section 8.3. The analysis also indicates that the
weakest flux would be measured to be dominantly horizontal.
Also note that the distributions are shown on a logarithmic
scale so that the weaker flux is overwhelmingly more prevalent
than the stronger flux. We quantify the degree to which the
distributions Qm and Um at the weak-flux limit are shifted
toward positive values by fitting the cores of the distributions
(  ´ -Q U, 3 10m m

4∣ ∣ ∣ ∣ ) with a four-parameter ( =ai

Figure 5. Panel (a) (left): results of averaging the extracted signals á ñQm and á ñUm for all pixels within the 19 selected bins of a range in disk position μ. The abcissae of
each data point are the averages of the μ-values of each pixel within the selected bin. Colors of the curves are blue for N/S limbs, green for E/W limbs, red for
measurements on the solar disk, and black for numerical simulations. For clarity, points representing á ñQm are connected by solid lines and points representing á ñUm are
connected by dashed lines. Panel (b) (right): same as panel a, except that the averages exclude those pixels in and surrounding regions of strong LOS and transverse
flux (see the text). Error bars indicate the standard deviation of the mean within each μ bin.
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amplitude, centroid, width, exponent) exponential function of
the form = - -f x a e x a a

1
a

2 3 4( ) ( ) . This functional form can
provide a good fit to the sharply peaked distributions of the

noise-free synthetic data; however, the objective of these fits is
to extract a measure of the centroid of the distributions toward
positive or negative values, so the amplitude and width

Figure 6. Histograms of the measures of Qm and Um from the profiles simulated at look angles q =    0 , 40 , 60 , 80[ ] are presented on a logarithmic scale for weak-
signal pixels selected as IN (see Section 5.2). Positive (negative) values are shown as blue (red) “+”-symbols, with negative values flipped so as to be presented on the
positive abcissa in order to compare to the points of the corresponding opposite sign. The unity levels for each of the curves are shown as horizontal dashed lines.
Starting from the q = 0 curve at top, the curves for q =   40 , 60 , 80[ ] are displaced downward by factors of 10 in the ordinate for clarity of display.

Figure 7. The central cores of the histograms of Qm (left) and Um (right) calculated from the simulated quiet Sun data are shown as solid lines for the four look angles,
from top to bottom, q =    0 , 40 , 60 , 80[ ]. These histograms are presented on a linear scale along with respective exponential function fits (dashed curves; see the
text) to the low-flux cores of the distributions (  ´ -Q U, 3 10m m

4∣ ∣ ∣ ∣ ). Zero is indicated by the vertical dashed lines.
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parameters are not relevant to our analysis. Fits with a Gaussian
functional form do not fit the shapes well, but they nonetheless
provide accurate measures of the centroid. The results of the fits
are illustrated in Figure 7. We note a progressive shift toward
positive centroid values of the Qm distribution with an
increasing θ, whereas the measures of Um remain symmetri-
cally distributed about zero. Henceforth the values of the
centroids are indicated by á ñQm c and á ñUm c.

7.2. Histogram Distributions for Observed Data

Figure 8 presents the histogram distributions of Qm and Um

for selected bins of μ as inferred from the 125 observational
maps at the N/S limbs. The distributions shown in this figure
result from exclusion of the strong flux elements via the criteria
outlined in Section 5. The display resembles closely that of the
simulation distributions presented in Figure 6, but the statistical
base is much larger, so the differences between positive (blue)
and negative (red) measures of Qm and Um are much more
distinct even considering the presence of noise in the
observational data. In the case of the observed distributions,
the crossover from positive dominance to negative dominance
occurs at ~ -Q 10m

3, compared with ´ -3 10 4 for the
simulation. Except at the very extreme limb (m = 0.06), the
distinction between the distributions at large Qm∣ ∣ is remarkable.
It is also quite clear from this presentation that the weak signals
are dominantly positive. When comparing the results of
Figures 6 and 8 it must be remembered that the simulation

analysis is noise-free. Addition of random noise typical of our
observations to the simulated profiles broadens the distributions
considerably beyond those shown in Figures 6 and 7, but the
centroid positions of those distributions remain essentially
unchanged. Similar to all previous diagnostics presented
herein, Figure 8 demonstrates that the Um distributions are
highly symmetric about zero for strong and weak flux elements
alike.
The results of Figure 8 strengthen the case for a dominantly

horizontal IN flux, but, like the simulation analysis, they also
suggest the presence of a residual vertical, strong-field
component occupying typically 1%–2% of the area. If this
interpretation is correct, then this strong-field component
escapes our exclusion procedure for avoiding high field-
strength elements in the Hinode SP data. Such elements would
then have a preference for vertical orientation. Because these
stronger-signal elements may be considered to have a
preference for vertical orientation, one may infer that they are
unresolved, perhaps unresolvable, kiloGauss flux tubes, not
solely an artifact of our ad hoc selection criterion. Again, we
point out that an alternate explanation for the observed
behavior at large Qm may result from the perspective effect
discussed in Section 8.3.

7.3. C-L Behavior of the Histogram Centroids

Figure 9 plots the results of the centroid position analysis for
both the observed and the simulated data histogram

Figure 8. Same as Figure 6, but plotted for the observed distributions for the N/S limb data for selected bins in μ. The data presented are for the weak-signal pixels
selected as IN (see Section 5.2).
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distributions. In the case of the observations, the presence of
measurement noise allows one to obtain very good fits to the
distributions using a Gaussian shape for the fitting function.
These centroid measures represent the bias of the weak flux Qm

and Um signals toward either positive or negative values since
the Gaussian functions are fit to the central cores of the
distributions ( < -Q U, 10m m

3∣ ∣ ∣ ∣ for the observational data and
< ´ -Q U, 3 10m m

4∣ ∣ ∣ ∣ for the simulation data). The net
positive á ñQm c demonstrates that the weak flux, which we
interpret as arising from the true IN fields, is dominantly
horizontal at heights sampled by the 630 nm Fe I lines.
Furthermore, the centroid analysis of the simulations is now
in good agreement with the corresponding observational
analysis. As noted above, adding random noise to the simulated
profiles at a level corresponding to that of the deep-mode
observations broadens the histogram distributions, but the
centroid analysis yields essentially the same results as those
obtained for the noise-free data.

8. SUMMARY AND DISCUSSION OF RESULTS

8.1. Summary of Observational Inferences

Following Stenflo (2013), we have examined the C-L
variation of linear polarization signals arising from the Zeeman
effect in the 630 nm Fe I lines as observed by Hinode. The
advantages of our analysis relative to that of Stenflo (2013) are
the excellent spatial resolution afforded by the space-based
Hinode measurements and the large statistical base of data
obtained in the SP deep-mode observations. From this analysis
we conclude the following.

1. The weak IN flux (as defined in Section 5.1) occupies the
vast majority of the quiet Sun area. It shows a preference
for a horizontal orientation of fields at all positions on the

disk (see Figure 9), whereas the stronger flux shows a
strong preference for a vertical orientation (Figure 5(a)).

2. Even within the weak flux sample, the distributions of
linear polarization amplitudes suggest the presence of
preferentially vertical fields for the stronger flux elements
( > -Q 10m

3∣ ∣ ) within that sample; see Figure 8. This
preference decreases toward the extreme limb. The
presence of this small fraction of stronger fields is
qualitatively consistent with the dual character of field
strength distribution inferred via another technique by
Stenflo (2010). However, a close examination of the
analysis of simulations suggests that at least part of this
preference may arise from perspective effects of the
oblique viewing angles intersecting loop-like structures
(see Section 8.3).

3. The stronger polarization elements of the quiet Sun are
the dominant source of linear polarization near the limb.
They occupy only a small areal fraction. We suspect that
incomplete isolation of these elements by Stenflo (2013)
led to his conclusion that the quiet Sun fields are
dominantly vertical at lower heights in the photosphere,
becoming dominantly horizontal at the greater heights
sensed near the limb. That stratification is not supported
by the analysis carried out here.

4. The Hinode SOT/SP observations carry information on
solar polarization at levels of ~ -10 5 and smaller. This
analysis has revealed instrumental polarization effects in
Hinode SOT/SP data hitherto unknown (see Sections 2
and 5.1).

5. The distinctly different behavior of the á ñQm and á ñUm
distributions attests to the solar origin of the observational
results.

These results are in good agreement with the Stokes spectra
synthesized from numerical simulations. Taken together with
the observational results, we conclude that the distribution of
field orientations for weak IN flux is preferentially horizontal,
but the stronger flux elements have a preferentially vertical
orientation.

8.2. Behavior of Polarization at the Extreme Limb

First, we consider plausible causes of the observed C-L
behavior of linear polarization arising only from the selected IN
disk positions; see Figures 8 and 9 at the extreme limb. We call
attention in Figure 9 to the downward trend of á ñQm c for
m 0.15. We believe this trend to be of solar origin. The

distributions for Qm, Figure 8, near at the extreme limb reveal a
trend of approach toward symmetry between positive and
negative values, both for the weak flux ( < ´ -Q 1 10m

3∣ ∣ )
where positive values dominate, and for larger values of Qm

where negative values are more prevalent. These observed
properties may be explained by the increasing height of
formation of rays entering the solar atmosphere as one
approaches the solar limb. The simulations of Rempel (2014)
represent the most advanced and accurate representation of the
solar IN fields, and they result in properties of field diagnostics
closely resembling many of those that are observed (Danilovic
et al. 2016a, 2016b). Taking those simulations as a guide, we
note that the ratio of horizontal to vertical intrinsic field
strength plotted in Figure 14 of Rempel (2014) increases
upward to a height of about 450 km above the t = 1c level,
then decreases rapidly at greater heights. This behavior may be

Figure 9. The centroid positions á ñQm c and á ñUm c of the Gaussian (observed) and
exponential (simulations, see Section 7.1) fits to the histogram distributions of Qm

and Um are plotted as a function of μ for weak-signal pixels selected as IN (see
Section 5.2). Histograms are fitted for signals - < <- -Q U10 , 10m m

3 3 for the
observations and - ´ < < ´- -Q U3 10 , 3 10m m

4 4 for the simulation data.
Centroid positions á ñQm c are represented by squares connected by solid lines, and
á ñUm c are represented by triangles connected by dashed lines. Color coding
distinguishes the observational samples, as indicated by the key in the figure.
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understood via the “turbulent diamagnetism” of the upper
photosphere, whereby the magnetic field is on average expelled
from regions of more intense turbulence. In the MHD
simulations of Rempel (2014), the rms turbulent velocity
attains a minimum also at about 450 km, corresponding to the
height of the maximum ratio of horizontal to vertical field. It is
the horizontal fields that are most easily transported by
convective turbulence, as vertical fields are likely to be
anchored at deeper levels in the convection zone.

If the height of formation of the rays at the extreme limb
occur above this critical 450 km height, this behavior gleaned
from the simulations may also provide a possible explanation
of the approach toward equality of the red and blue
distributions of Qm toward the extreme limb as visible in in
Figure 8. Continuum polarization may also contribute to this
dip; see Section 8.6.

Next, we speculate on the causes of the net C-L behavior of
linear polarization arising from all quiet Sun (QS) disk
structures, including that of the stronger flux elements. The
reversal of the sign of á ñQm at the small μ in Figure 5(a) may
result from the decrease of field strength that occurs as a result of
horizontal expansion of the field with increasing height in the
photosphere. Comparison of Figures 5(a) and (b) demonstrates
that the few stronger flux elements dominate the average linear
polarization of the quiet Sun near the limb, so their weakening
with height may be the agent responsible for the rapid increase
of á ñQm limbward of m = 0.3 0.4– in Figure 5(a).

8.3. Origin of High Flux Bias at Large Qm

With the aid of the simulation results, we seek insight into the
origin of the bias toward negative flux at the higher values of Qm

present in both the simulations (Figure 6) and the observations
(Figure 8). We remind the reader that these figures display results
for our IN selection; that is, excluding all points where measured

> -B 170 Mx cmT
app

2 and/or > -B 100 Mx cmL
app

2∣ ∣ , so that
the large Qm regions in these figures are very small, presumably
intrinsically strong field flux elements within the IN. We employ
the simulations to identify structures that remain in the Qm

distributions after exclusion of the network elements as indicated
above. Both the high spatial sampling of the simulations and the
fact that we use the same simulation data cube for all view angles
allows us to identify structures that give rise to the negative bias
for larger values of Qm in Figure 6.
The left panel of Figure 10 shows the measures BL

appand
BT

appfrom an analysis of the synthetic observations as
degraded spatially to the Hinode SOT/SP angular resolution.
We identify with green contours the strong signal regions
excluded from our analysis ( > -B 170 Mx cmT

app
2 and/or

> -B 100 Mx cmL
app

2∣ ∣ ). Red (blue) contours indicate regions
in the remaining area where we find a bias toward negative
(positive) Qm in Figure 6. By displaying the same colored
contours on the BT

appimage at the original simulation
resolution (panel (b) at the right of Figure 10, area corresp-
onding to the region enclosed by dashed lines at the upper left
of the images in panel (a)), one may identify the structures in
linear polarization corresponding to the stronger negative and
positive amplitudes Qm occurring in Figure 6. If structures in
the BT

appimage highlight magnetic loops in the photosphere,
then it is not surprising that the negative–dominant regions
have polarization structures (loops) aligned primarily along the
LOS (vertical in panel (b)) and the positive–dominant
structures have a tendency to be aligned along the horizontal
axis of the image. Recognizing this, these higher signal loops

Figure 10. Panel (a) (left): gray-scale images of inferred BL
app(top) and BT

app(bottom) are presented for the simulation data cube as viewed at q = 60 and spatially
degraded to the Hinode angular resolution. The observation angle is from the bottom, so the images are compressed spatially in the vertical direction to match the
Hinode SOT/SP pixel sampling. Green contours outline regions where > -B 170 Mx cmT

app
2 and/or > -B 100 Mx cmL

app
2∣ ∣ . Red contours outline regions where

< - ´ -Q 5 10m
4, and blue contours outline regions where > ´ -Q 5 10m

4. The area enclosed by dashed lines in panel (a) corresponds to the entire region displayed
in panel (b) of this figure. Panel (b) (right): the same contours as panel (a) are displayed on the full-resolution (nondegraded) BT

appimage corresponding to the dashed
line enclosed area of panel (a). Contour colors have the same meaning as in panel (a). The gray scale for BL

appsaturates at  -200 Mx cm 2, and the BT
appimages

saturate at -200 Mx cm 2.
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may contribute more to the Qm when the structures are
intersected by rays traversing along the loops (negative–
dominant) rather than being perpendicular to them (positive–
dominant) because their path length along the LOS is
intrinsically greater, hence they they may have an intrinsically
higher optical depth within the magnetic loop structures. Thus,
the difference between the positive and negative Qm distribu-
tions at a larger value of Qm may simply be an effect of the
viewing perspective rather than a preference for vertical over
horizontal field orientation for the high-signal pixels retained in
our IN sample. If this is indeed the case for the actual Sun, it
strengthens our argument for the dominance of horizontal fields
throughout the IN photosphere.

8.4. Ordered Large-scale Fields

It is possible to envision a large-scale field that is ordered in
such a way as to produce a dominance of linear polarization
parallel to the N/S solar limbs. A large-scale toroidal flux
system at the poles might produce such a bias. However, a
toroidal flux system would produce a distinct signature of
opposite polarity circular polarization at the E/W limbs. Such a
systematic spatial ordering of circular polarization has not been
reported. Owing to the much greater sensitivity of the circular
polarization to weak fields, one may effectively discard this
possibility. Further support for the notion that the weak, small-
scale IN fields as the responsible agent for the observed
behavior of the linear polarization is provided by our
measurements at the E/W limbs, which produce results similar
to those of the N/S limbs in spite of their smaller data base.

8.5. Scattering Polarization

Hinode observations at and just above the limb reveal
scattering polarization in the 630 nm Fe I lines (Lites et al.
2010). We examine the results of that study to understand if
this non-Zeeman source of linear polarization could influence
our analysis. Figures 2 and 3 of that paper show Stokes profiles
across the limb. The scattering polarization only becomes
apparent in these lines at the limb and within the first  0. 3 0. 5–
above the limb where the line appears in emission. Inside the
limb there is no distinct scattering polarization apparent in
those plots, although one cannot rule out its presence entirely
considering the very small amplitudes of residual linear
polarization discussed in the present work. It is noted in Lites
et al. (2010) that the orientation of the scattering linear
polarization is perpendicular to the limb, not parallel to it, as is
the case for the Zeeman-effect signatures of weak flux studied
in this paper. The bins of μ chosen in this study avoid the limb
itself, and the closest approach to the limb is the bin between
 0. 25 0. 75– within the disk. It is possible that scattering
polarization may contribute to the behavior of the slight
decrease of á ñQm c noted in Figure 9 at small values of μ. We
note that scattering polarization is dominant in the line core, but
our analysis for the present work suppresses linear polarization
in the core, so the sensitivity of our analysis to scattering
polarization should be minimized. That being said, detailed
polarized transfer computations will be necessary to determine
quantitatively the influence of scattering polarization on
observations on the solar disk.

8.6. Continuum Polarization

Another source of scattering polarization is the background
continuum at 630 nm. Continuum polarization is significant
relative to the linear polarization levels from the Zeeman effect
studied in this work. It is oriented parallel to the limb, and is of
the order ~ -10 4 at m = 0.1 for 630 nm (Fluri & Stenflo 1999;
Stenflo 2005). As noted in Section 4, the empirically
determined continuum polarization at each observed spatial
position is subtracted from the Stokes spectra as part of the
routine Hinode data reduction. A quantitative investigation of
both continuum and scattering polarization is beyond the scope
of this observational study, so here we present a qualitative
discussion of the influence of continuum polarization on the
results of our study.
First, we consider the physical effect of continuum

polarization in the line transfer subject to the Zeeman effect.
The fractional polarization of the continuum is very small, so
one expects that this polarization would have a much smaller
influence on the atomic polarization of the lower levels of the
Fe I 630 nm transitions as seen in absorption against the
continuum, especially considering that the atomic polarization
will be determined by the average polarization of rays from all
angles impinging on the Fe I atom. Therefore, we may safely
ignore the influence of the continuum polarization on the
atomic level polarization; the anisotropic radiation field will
have a much larger influence on the atomic level polarization
(Lites et al. 2010). The continuum polarization will participate
in the polarized radiative transfer within the spectral lines, but
for field strengths considered to be giving rise to the IN linear
polarization (∼100 Gauss), the polarization arising from the
Zeeman effect (~ -10 3) is much larger than the continuum
polarization.
Next, we consider the influence of subtraction of the

continuum polarization from the detected linear polarization
within the lines. If the lines were optically thin, the continuum
polarization would simply apply a wavelength-independent
offset Qc to the Zeeman-effect polarization. This offset is
positive in the reference frame where the Stokes Q is positive
parallel to the limb. The data reduction procedure adjusts the
polarization to zero in the continuum, but because the
procedure presumes that this polarization arises from crosstalk,
it subtracts the polarization, proportional to the observed Stokes
lI ( ) profile, from the measured linear polarization. So in the

optically thin case, the effect of the continuum polarization
combined with the data reduction would be to adjust the actual
solar profile arising from the Zeeman effect, lQZ ( ), to produce
a measured profile

l l l= + -Q Q Q Q I I . 1Z c c cmeas ( ) ( ) ( ) ( )

The continuum polarization adds a positive offset to lQZ ( )
that is entirely cancelled in the far wings by the data reduction
procedure and is partially cancelled within the spectral line.
The largest spurious effect of the data reduction is at the line
center, where the line intensity is less than 1/3 of the
continuum. But there, the Q mask function also has a
minimum, so overall, in the optically thin case, the data
reduction could add a small positive spurious signal to the
measures of Qm with an amplitude of a fraction of the
continuum polarization itself.
However, it is not the case that the Fe I 630 nm lines are

optically thin. Their cores have considerable optical thickness
( few to over 100) relative to the continuum opacity. On the
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absolute scale of polarization (before subtraction of the
continuum polarization) one expects the optically thick line
cores to exhibit polarization close to that of the Zeeman effect
alone, because the continuum polarization is “forgotten” as a
result of the optical thickness. Taking into account the line
optical thickness t ll ( ), and assuming that the line is a pure
absorber (this assumption is not strictly valid; polarized
radiative transfer will take place within the line), we may
express the attenuation of the relatively small continuum
polarization within the line core as

l = t l-Q Q e , 2ccont l( ) ( )( )

so that Equation (1) becomes

l l l= + -t l-Q Q Q e I I . 3Z c cmeas l( ) ( ) [ ( ) ] ( )( )

Within the line, the optical depth effect competes against the
spurious positive signal arising from the correction. We
demonstrated in Section 4 that our extraction procedure
effectively suppresses the linear polarization signals in the line
core (the Zeeman π-component) where the effects of the
crosstalk adjustment are largest. In the optically thick case, we
surmise that the positive addition of the spurious signal in
Qmeas will be reduced from that in the optically thin case.
Indeed, it is unclear whether the presence of continuum
polarization along with the data reduction procedure results in a
net positive or net negative influence on the wavelength
averages of Qm. In any case, we expect the errors in the Qm

introduced by the calibration procedure to be significantly
smaller than the continuum polarization itself. We point out
that the continuum polarization is a steeply dropping function
of μ, only reaching typical observed averages of ´ -Q 3 10m

4∣ ∣
for m < 0.05, so any bias of the measured Qm will be
significant only at the extreme limb. Therefore, it is judged to
not be a significant factor in our analysis. Nonetheless it is
possible that the effect described in this section may contribute
to the slight dip in measured polarization close to the limb, as
discussed at the end of Section 8.2.
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