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The story starts from ......
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Dasi-Espuig et al. (2010, 2013), citations based on ADS: 140+



Summary of the controversial statistics on the cycle dependence of the tilt coefficient

Reference Dataset Years Method @ r p
Dasi2010 MW 1917-1985 (a)/(|Al) -0.79 0.10
Dasi2013 KK 1906-1987 (ay/ (Al -093 0.02
Ivanov2012 MW 1917-1985 {ay/{| A -0.65 0.09
KK 1906-1987 (a)/ (| -091 0.02
m-values, bp =0 -0.62 0.10
Mc2013 MW 1917-1985 (ay/ (Al -0.75 0.05
(a) -0.16 0.67
Wang2014 MW/WL 1923-1986 m-values -0.10 0.81
(a)/(|A]) -0.42 0.30
MW/MAG 1974-2008 m-values -0.29 0.62
(a)/ (| -0.37 0.52
DPD 1974-2008 m-values -0.99 0.08
(a)/(|Al) -0.99 0.08
Tlatova2018 MW 1917-2018 m-values -0.40 0.21
Isik2018 Kandilli(As > 37) 1954-2017 (ay/{|Al) -0.57 0.23
Kandilli(As > 2.5°) -0.75 0.08
Jiang2020 MW KK 1913-1986 (a)/(Al) -0.70 0.06

Notes. @ {a)/{|A]): tilt coeflicient designated by the normalization method; m-values: slope of linear binned fitting method @ = m|A| + by.
References. Dasi2010: Dasi-Espuigetal. (2010); Dasi2013:  Dasi-Espuigetal.  (2013); Ivanov2012: Ivanov (2012); Mc2013:
McClintock & Norton (2013); Wang2014: Wang et al. (2014); Tlatova2018: Tlatova et al. (2018); Isik2018: Isik et al. (2018a); Jiang2020:
Jiang (2020).
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van Driel-Gesztelyi & Green (2015):

The history of Joy’s law studies are studded with confusing and controversial results.

Our objective is NOT to add more confusing and controversial ‘evidence’,

but try to disentangle from the previous controversial stage.




Sources of the divergence

* Different datasets

* Different Criteria for the data selection: 1. remove invalid data (e.g., zero tilt;
very large separation, etc); 2. angular separation; 3. different phases of sunspots
* Different Methods for the fitting: normalization method ( <<£:>//<<il>> ); binned
fitting method; unbinned fitting method

* Different Functions for Joy’s law: linear versus square-root functions

* Other details: how to separate different cycles? how to do the weighted fits?

- How these differences affect the result?
—> Which one is more reasonable?



12236 uni*r spots

uzz zero tilt

'

12284m

E + W

2015-03-08T13:50:28

Courtesy of DPD web page

X

Latitude A [deg]

1980 1990 2000 2010



DPD (Gyori et al. 2011; Baranyi 2015; Baranyi et al. 2016; Gyori et al.
2016):

* January 1974 -- January 2018: complete solar cycles 21-24 (weakest

cycle in 100 years!)

* completeness: in some cases the DPD data are derived from

cooperative ground-based observatories and satellite-borne imagery;

the continuous records of each sunspot group once per day 2DPD,;; ,DPD,;u
* The magnetogram information is referenced while grouping the

sunspot groups.



Dl:}Dull DPDmux
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for weighted fits to Joy’s law

o =-6.3*log (Area) +35.0
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Removing the unipolar groups by the filter As>2.5 deg can bring the tilt angle
measurements based on white-light images and magnetograms into a good

agreement.

The data with As>2.5 deg has a smaller o, compared with the data with As>0 deg.




MW: 1917-1985  Groups were tracked two
KK: 1906—-1987 consecutive days.

Table 4. Comparisons among different data during 1974 to 1985.

DPD:l]] DPDmﬂx MW KK

As>0°  Amount 21707 3588 4085 4196
a 5201 5945 4:66 4267
T 28260 26251 29251 30284

As>2°5 Amount 16272 2756 2436 2307
a 5°79 5206 5¢72 7201
Ty 24°67 20279 20239 21238

25% 25% 45% 40% unipolar spots
A larger o, decrease for the KK and MW data sets.

The DPD data are more stable and less affected by
selection conditions




Two Functions for Joy’s law: a (1) = Tiin|d] (1) = Ty VI

three major methods for obtaining the tilt coefficients:

Method 1: normalization method:

T = 2jAj; T = 2. '\/A_fﬂf
lin — sqr —
T LAl LT VA




Method 2: binned fitting method

* Most widely used method

* Intrinsic problem with the method

* Past studies have shown that even
with the same data, different ways to
deal with binning cause significantly
different tilt coefficients.

The linear fits to the data of weaker
cycles have smaller x2-value and the
square-root fits to the data of
stronger cycles have smaller y2-value.

o 10 20 30 400 10 20 30 40
Latitude | A | [deg] Latitude | A | [deg] 11



Tilt angle a [deg]

30

Method 3: unbinned fitting method

20 30
Latitude | A | [deg]

People usually perform a binned fit to data
because the trend of the data can be better
seen when the fitted form is unknown.

We add 1/()'5, to each data point as a weight.

Still square-root (linear) fitting to Joy’s law of
stronger (weaker) cycles tends to have smaller
x2-values. But the difference of x2-values
between the strong and weak cycles is much
smaller than that derived using the binned
fitting method.
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Method T Cy21 Cy22 Cy23 Cy24 c-value Correlation

Txor XJ Txor XE T xor XE T xor xz r d
Mean aar 5718 =07198 5286 = 07210 6742 = 07189 6721 £0°235 6.56 =071  Ol16
Umae 2°65 = 0°454 e 6°25 £ 02479 . 6333 £ 02446 . 6254 £ 02535 1.66 -0.83 010
Normalization ﬂ 0.39£0.015 0.35+0.013 0.43 £0.013 0.45£0.018 5.56 =078 012
i‘ﬁ“ 0.38 £0.032 0.35£0.028 0.40 £ 0.030 0.43£0.037 2.16 -0.87 0.08 &S > 00
Tsac'llr 1.59 £ 0.065 1.46 £0.055 1.74 £0.054 1.74 £ 0.070 4.00 073 015 -
i 1.55 00130 1.48 £0.120 1.64 £0.122 1.71£0.148 1.55 -086 0.00
Binned fitting T:L' 0310012 730 0340012 397 0390011 355 042+0015 1.07 7.33 -094  0.06

T 0340026 209 037£0027 076 040£0.025 010 044:0033 033 3.03 -097 0.05

T 1.36 £0.050 1.74 1.52+£0052 224 1.70+£0.047 621 1.71 £ 0.061 314 5.74 -0.83 0.10 > 1 -—
=qr -
Tmax 1.48£0.115 1.66 1.65£0.119 1.15 1.72+0.110 146 1810137 1.12 241 =091  0.07 Varled ccs from r

Unbinned fitting 721 03320010 115 03420010 113 040=0003 096 043=0014 089 | 7.14 |-094 o006 (0,98 (p = 0_05) tor=
T 03420024 106 036£0025 099 0400026 089 043x0027 075 | 333 |-098 005
T 148:0043 109 15120045 106 17420044 006 1760055 090 | 500 |-087 oos  0.62 (p =0.22)

Tar 1.52+0.105 1.06 1.61 £0.106 1.00 1.72+£0.000  0.89 1.80+0.005 0.75 2.64 -096  0.06 -
depending on the

Txor 2 T+or 2 T oy 2 Tty 2 r i .
Mean TSSO .. 6120004 .. TRe0Us0 . Tese0 .. | set | 075 o4 methods. - confirm
o 560407 . 630401 . 500386 . 41046t . | 246 | -081 010 tha controversial
Nommalization T8  044£0015 ...  038+0012 ...  046+0012 ... 048+006 ... | 625 |-071 o015 o
T (037:0030 ... 038=002% .. 042+0027 .. 0420032 .. | 156 |-08s o000 Statistics
78 17620061 ... 158=0053 ..  18=0050 .. 187«0064 .. | 453 | -063 o021
THR 17320130 1.5720.115 1.760.113 1.80+0.142 162 | -062 022

sqr

Binned fitting el 0.36+0.012 570 039+0.011 310 O044:0010 432 048+0.014 1.52 8.57 -0.96  0.06

lin

T 0330026 157 039=0025 039 039=0.023 053 042:0030 0.1 3.00 -0.87 0.08 &5 > o S
T e

lin

i 1.58=0.050 094 1710050 571 1930045 7.20 1.94x0.057 5.15 6.32 -0.87  0.08

[ 1.52+0.121 220 1.59+0.1100 285 L71x0110 1.20 1.64+0.128 079 1.48 -0.80 0.11

Unbinned fitting 778l 0.37+0.007  1.09 0.37 £0.01 .03 0440007 093 047+0.014 085 7.14 -0.95 0.06

lin

e 0340015 106  038+£0.000 085 0400023 087 042+0031 078 2.58 -0.88 0.08

lin

T;ﬂl, L67+0.043  1.09 1.67+0.005 1.03 1.91+0.044 093 1.94+0.058 085 4.66 -0.87 0.08 13

[ 1400066 1.06 1.68+0.071 086 L75+0.099 088 1730131 0.78 1.98 -070 016




max(I') —min(T) e take ¢=3 as the critical value.
max(or) A larger ¢, a stronger statistical significance.

=

o; for the data with the filter As>2.5 deg is
always smaller than those without the filter

the normalization method has the largest o;
» Prominent variation of 6; 4 g the unbinned fitting method has the smallest o;

=> unbinned linear fitting

can minimize the uncertainty.
| the linear fit always has a larger ¢

than that of the square-root fit
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To investigate how much the tilt scatter affects the relationship
between the tilt coefficient and the cycle strength &

To evaluate which statistical method can minimize the
uncertainty of the tilt coefficient

= Monte Carlo experiments



> based on the DPD_, data with As>2.5 deg

* assume that the tilt coefficient and the cycle

strength are fully correlated.

» The tilt  consider both the linear and square-root Joy’s
angle of law equations.
each sunspot | °use the observed latitudes to obtain the ideal
group is artificial tilt angles satisfying Joy’s law
artificially * add random numbers to the ideal artificial tilt
synthesized. angle data

| *increase g, from 0 to 30 with 5 interval; generate

10,000 sets of artificial tilt angles for each o,
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* The CC between the tilt
coefficient and cycle strength
decreases with increasing o,

* The unbinned fitting method
and linear form of Joy’s law can
effectively minimize the effects
of the uncertainty.
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_ Cycle dependence of the tilt coefficient
for separate hemispheres of cycles 21-24

Extension of the data -4

— Combining DPD data with MW and KK data



Filter Method T Cy21 Cy22 Cy23 Cy24 c-value Correlation
T+or 1(2 T +op 1(2 T+or 1(2 T +o7 1(2 r P
As > 0° Binned fitting TN  031£0.017 391 0.35£0.044 504 039+£0.015 548 0.40+0.021 1.11 2.73 -0.73  0.04
TiinS 0.35£0.017 424 0340016 221 0.39+0.014 1.29 0.43£0.019 1.19
TsgeN 1.36 £0.072 1.18 1.55£0.076  3.49 1.70£0.068  3.66 1.58+0.088  2.48 5.23 —-0.68  0.05
TqrS 1.36 £0.070 1.33 1.50£0.072 1.96 1.71£0.065  3.70 1.82£0.085 1.71
Unbinned fitting TinN 0.35 £0.004 1.08  0.35£0.001 1.07 0.41+0.014 092 0410020 0.89 6.00 -0.84  0.02
ThinS 0.31+0.004 1.10  0.33+£0.000 1.05 0390013 099 043£0.019 0.90
TsoeN 1.55+£0.018 1.08 1.59 £ 0.065 1.07 1.79+£0.002 0.92 1.66£0.077 0.89 544 —-0.68 0.05
TsqrS 1.41 +£0.058 1.09 1.45£0.043 1.05 1.71 £0.059  0.99 1.84 £0.079  0.90
As > 2°5 Binned fitting TN 038+0016 422 038+£0.017 458 0440015 504 047+0.021 3.71 5.24 -0.76  0.03
TiinS 0.34+£0.017 425 040x0.016 1.41 0440014 228 049+0.019 259
TsqeN 1.66 £0.070 1.78 1.67 £0.073 5.93 1.91 £0.065 4.68 1.81£0.082 7.79 7.20 -0.54  0.13
TqrS 1.50+0.071 1.83 1.74+£0.069  3.22 1.94 +0.061 538  2.09+0.079 1.83
Unbinned fitting TN 0.41+£0.014 1.05 0.37+£0.015 1.07  045+0.000 092 0.45+0.021 0.86 7.14 —0.81 0.02
TiinS 0.34 £0.014 .13 0.38x0.014 1.00 0430014 094 049+£0.019 0.85
TsgeN 1.81+0.044 1.04 1.66 +0.067 1.07 1.96 +0.006 0.92 1.80+0.000 0.86 6.79 —-0.62 008
TsqrS 1.54 £0.061 1.13 1.67 £0.063 1.01 1.87£0.060 095 2070078 0.84
* Values of o; based on the unbinned fitting method are prominently
smaller than the corresponding values based on the binned fitting method.
* The tilts tend to show a linear dependence on the latitudes for weak
cycles and a square-root dependence on strong cycles.
* The CCs based on the linear form of Joy’s law are larger than those based
19

on the square-root form of Joy’s law.



MW and KK data

the unbinned fitting method, weighted fits

Gyls

Cylo

Cyl7

Cyl8

Cy19

Cy20

Cy2l

Correlation(15-21)

T Data Txor Txor Txor Txor Txor Txor Txor c-value P J-value
MW 0.37£0.004  0.31£0.023 0.32+0.028 0.30+£0.024  0.19+£0.019 0.29+0.008  0.31+0.027 6.43 -0.65 0.08 L06
T, As>2°5 0.49+£0.040 0.45+0.031 0.39£0.001 0.41+£0.023 0.27+£0.017 0.41+£0.024 0.37£0.025 550  -0.84 0.03 1.00
lin KK 0.38+0.028 0.34+0.021 0.34+0.013  0.26+£0.019 0.24+0.000 0.31+£0.018 0.26+0.019 5.00 -0.75 0.05 .27
As=2°5 046x0.034 0.39+0.027 0.37+0.007 0.38+0.007 0.30+0.002 0.41+0.007 0.40+0.024 470  -0.67 0.08 0.93
MW 1.47£0.005 1.29+0.134 1.44=0.118 1.36+0.031 0.91+0.086 1.23+0.108 1.35+0.114  4.91 -0.54 0.15 .10
T As=>2°5 191x0.110 1.86+0.004 1.58+0.114 1.78+0.097 1.21+0.082 1.64+0.101 1.58+0.105  6.14  -0.79 0.04 0.94
e KK 1.48+£0.110  1.45+0.091 1.47+0.078 1.17+0.079 1.11+0.072 1.34+0.001 1.20+0.083 336 -0.80 0.03 1.39
As=2°5 1.83+£0.135 1.60+£0.035 1.56x0.010 1.61£0.097 1.35+0.028 1.70+0.092 1.79+£0.010  3.56  -0.49 0.19 0.93

* Values of o; are several times lower than those of previous studies.
* The average tilt coefficients in the case of As>2.5 deg are much stronger,
typically 30%, than that in the case of As>0.0 deg. The difference based on

MW data is larger than that based on KK data.

* The square-root form of Joy’s law show much weaker CCs.
* f: ratio between the cycle 21 tilt coefficient derived based on diff. methods
for the KK and MW data sets and the corresponding value based on DPD,,.



Combining DPD data with MW and KK data

Tin = —0.00107 = §,, + 0.61

» Clearly an anti-correlation between
the tilt coefficient and the cycle strength
with a significant confidence level.

» The improvements owe to the filter
As>2.5 deg and the unbinned linear

fitting method used in analyzing the data.
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With the filter As>2.5 deg, the deviation

of cycle 19 tilt coefficient from the fitted
line is much less than before.
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