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ABSTRACT

Using a recently developed two-scale formalism to deteenttie magnetic helicity spectrum (Brandenburg
et al. 2017), we analyze synoptic vector magnetograms Wittt data from the Vector Spectromagnetograph
(VSM) instrument on th&ynoptic Optical Long-term Investigations of the Sun (SOLIS) telescope during Jan-
uary 2010-July 2016. In contrast to an earlier study usihgtbnee Carrington rotations, our analysis includes
74 synoptic Carrington rotation maps. We recover here igigletpectra at different phases of solar cycle 24,
where the net magnetic helicity in the majority of the datadasistent with a large-scale dynamo with heli-
cal turbulence operating in the Sun. More tHA¥ of the analyzed maps, however, show violations of the
expected sign rule.

Subject headings: Sun: magnetic fields — dynamo — magnetohydrodynamics — tenice

1. INTRODUCTION Although the origin of solar magnetism is yet to be fully
Magnetic helicity is a topological invariant of ideal mag- understood, it is commonly thought that the global cyclic

netohydrodynamics (MHD). It is a measure of complexity or Magnetic field of the Sun is generated and maintained by a
internal twist of the magnetic field structure and has a geo-turbulent dynamo (Vainshtein and Zeldovich 1972; Moffatt

aal S ; P 1978; Krause & Rdler 1980; Ossendrijver 2003; Solanki et
metrical interpretation in terms of linkage of magneticdiel y ' !
lines (Moffatt[?l969; Berger & Field 1984; Arnold & Khesin  &l- 2006; Carbonneau 2010). The solar dynamo is expected to
1992; Pevtsov et al. 2014). Moreover, it is expected to be NVOIVe ana effect, which is a measure of the helicity of tur-
nearly conserved even in nonideal MHD systems with large Pulénce in the convection zone caused by strong stratdicati
magnetic Reynolds numbet,,. This conservation law has and rotation (Krause & Rdler 1980). Numerical simulations
been recently tested in a solar context involving magnetic r gavehshown thda}t.a significanteffect is g\dleed produced.un-d
connection (Pariat et al. 2015). Magnetic helicity thugpla ~ 9€'t esle 2con2.|t|pnslé|1n CorvzeCt'V?Vt\l/” u eEce (e.lg.ZOirsenI
crucial role in the evolution of magnetic fields, and it can be IVer et al- 2002; kapyk et al. 2009; Warnecke et al. 2018). |t
an effective tracer of the underlying mechanism respoesibl IS known that thev effect produces a bihelical magnetic field

for the generation of magnetic fields (Brandenburg & Subra- Where the magnetic helicities at large and small scales have
manian 2005). opposite signs, and thus there is no net production of magnet

There has been considerable interest in monitoring the mag 1€licity in the process (Seehafer 1996; Ji 1999; Blackman &

netic helicity of active regions (ARs), as this charactesithe  Brandenburg 2003). o .
complexity of the ARs involved and is therefore often linked _ " the mean-field framework, the quantities, say, magnetic
to its “eruptibility,” causing solar flares and coronal mass fields, B, are expressed as a sum of me##) and fluctuating
ejection; see, e.g., Nindos et al. (2003), Valori et al. @01 (b) components, i.e.B = B + b, giving two contributions
and also Pariat et al. (2017) who suggest a better “eruptivit for the magnetic helicityHy = (A-B) = (A-B) +{(a-b),
proxy” involving magnetic helicity. Instead of being marel  with A being the vector potential defined from x A = B
elements of the entire solar magnetic structure, the AR$, an (Krause & Radler 1980; Brandenburg & Subramanian 2005).
the magnetic helicity they carry, play an important roletfo Angle brackets ) denote the volume averages, while the over-
global solar dynamo. The dynamo-generated large-scade fiel bars indicate ensemble or longitudinal averages, satigtyie

by a mechanism still under some debate, feeds the localizedReynolds rules, for examplég) = 0 and(A-b) = 0 (Krause
magnetic concentrations, leading to the formation of ARS an & Radler 1980). This now helps us to summarize the expected
sunspots. The thereby-formed ARs can contribute to migra-hemispheric sign rule (HSR) of solar magnetic helicity, rehe
tion of the small-scale magnetic helicity, which is crea8d  theq effect changes sign across the equator: the local (global)
by-product of the helically driven large-scale dynamo (DSD  magnetic helicity is expected to be negative (positive)ia t
away from the dynamo active region, to prevent the quench-northern hemisphere, and vice versa in the southern hemi-
ing of the LSD (see, e.g., Brandenburg et al. 2003; Longcopesphere, as shown schematically in Figure 1. The concept of
& Pevtsov 2003; Brandenburg & Subramanian 2005, and ref-scales is important in the present context where typicalrest
erences therein). of even the largest ARs or the sunspots are considered small,



N that the current helicity follows the equatorward propagat
of magnetic dynamo wave traced through the sunspots in the

('u, . w) <0 photosphere. While much of their analysis confirms the HSR,
they do also notice wrong signs of the helicity, mostly at the
Local:  (a - b) < 0 (negative) beginning and end of the cycle, and interpreted this as due

to penetration of the activity wave into the other hemispher
- e Also employing the current helicity method on SOLIS data,
Global: (A -B) >0 (positive) Gosain et al. (2013), however, found no such violations dur-
ing the early phase of SC 24.
Equator It is only recently that, instead of computing net mag-
netic helicities over a given domain, methods for comput-
ing magnetic helicity distribution over different spatsgales

Global: (A - B) <0 (negative) (spectrum) were developed. These were first applied to lo-
cal patches of photospheric magnetic field measurements for
Local:  (a - b) > 0 (positive) a few ARs (Zhang et al. 2014, 2016). As the spectrum usu-

ally offers a much more detailed picture, it allowed them to
explain an earlier report on the net negative helicity ofake
(u-w)>0 tremely complex AR 11515 which emerged in the southern
S hemisphere (Lim et al. 2016). In order to also determine si-
multaneously the global spectrum, Brandenburg et al. (2017
hereafter BPS17) developed a two-scale formalism that al-
Figure 1. Schematic diagram showing the HSR of solar magnetic helisity a [ows us to describe a fairly complex sign rule of solar mag-
expected from an--driven turbulent dynamo. netic helicity, which depends on the position, showing a sys
tematic latitudinal dependence, as well as scale. Theyexppl
whereas scales of the order of the solar radius are termed ag to HMI data from three consecutive Carrington rotations
large. (CRs), 2161-2163, and found no evidence of bihelical mag-
The HSR is confirmed in a number of earlier works report- petic fields.
ing measurements of local as well as global magnetic netheli  |n the present work, we exploit the two-scale approach to
city at different phases of the solar cycle (SC), using d#ffé  determine the solar magnetic helicity spectrum using SO-
techniques that often involve determining the vector poten LiS/Vector SpectroMagnetograph (VSM) data from 74 CRs
tial under a suitable gauge choice (see, e.g., the method otovering more than 6 yr of SC 24. In Section 2 we review
Brandenburg et al. 2003). Using this method on data from some basic definitions and outline the two-scale approach.
the Michelson Doppler Imager (MDI) on board tBelar and ~  |n Section 3 we discuss the data and error estimation, and in
Heliospheric Observatory (SOHO) for SC 24 and Synoptic  Section 4 we present the magnetic helicity spectra computed
Optical Long-term Investigations of the Sun (SOLIS) data fo at various phases of SC 24. We discuss the implications of
SC 23, Pipin & Pevtsov (2014) found that the global mag- our results and conclude in Section 5.
netic helicity was indeed positive (negative) in the nomthe
(southern) hemisphere during SC 23 and SC 24, thus obey-
ing the HSR as shown in Figure 1. The importance of such
mgasurements in the solar cgntext was discﬁssed muclrearlie 2. BASIC DEFINITIONS AND TWO-SCALE APPROACH
(Seehafer 1990) and many subsequent works, focusing mainly We first recall some fundamental aspects of the relevant
on the ARs contributing thus to the local measurements of thephysical quantities and then briefly outline the two-scale a
helicity, found that it is mostly negative (positive) in therth proach recently developed by BPS17 to determine a global
(south)—exactly according to the expected sign rule (sge, e. spectrum of magnetic helicity. LeB;(x,t) denote theitt
Pevtsov et al. 1995; Bao et al. 1999; Liu et al. 2014b). Zhang component of the magnetic field, wittbeing time,z the po-
et al. (2012) showed that the current helicity associatédd wi sition vector on the 2D Cartesian surface, and (z,y, z).
ARs traces the magnetic helicity of the large-scale magneti The two-point correlation tensor of the total magnetic field
field. Liu et al. (2014a) made an attempt to test the HSR using B(x) is usually defined as/;;(¢) = (B;(x)B;(x + &))
HMI data and found that it was obeyed by ne&rh? of all which is assumed to be statistically independent afnder
the ARs that they studied. homogeneous conditions, where the brackets denote an en-
The dependence of magnetic helicity on the phase of the SGCsemble average (Batchelor 1953; Moffatt 1978). We omit
has been explored to some extent. Brandenburg et al. (2003%pecifying explicitly the temporal dependencies from now o
reported that the global magnetic helicity was negativeteef ~ The spectrum of magnetic enerdyy (k), is then given by
the solar maximum and it turned positive afterward, i.eeyth
found evidence of a ‘wrong’ sign during the rising phase of _ T
the cycle. Similar results were obtained by Pipin & Pevtsov 2Ew(k) = /%M”(k) kdst, @)
(2014) for SC 23 and SC 24 from MDI and SOLIS data. Many
studies also utilize the current helicityc=(J - B), where ~ Where
J = uy'V x B is the current density, as a proxy for the ~ ik 12 9
magnetoic helicity and argue that these quantities can b& use Mi;(k) = /Mij(w) e dz/(2m) (2)
interchangeably (e.g. Zhang et al. 2010). This holds strict
only for magnetic and current helicity spectra, and only un- is the 2D Fourier transform af/;; and the wavevectdt de-
der isotropic conditions, which are in general not met under notes the conjugate variable d0and £y (k) is measured in
solar conditions. The study of Zhang et al. (2010) showed G? cm rather thanerg cm 2. In two dimensions/ dQ = 2x



is the circumference of a unit circle, and the integral in &qu
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the kinetic helicity associated with a perturbed fluid paise

tion (1) is performed over shells in wavenumber space. Therelated tog - Q, that is, the dot product of gravigy and an-

scaled magnetic helicity spectrurh/iy;(k), which has the
same dimensions as that Bf;(k), is similarly defined as
(k) = [ e () k. 3)

wherek; = k;/|k| is the unit vector ok andk = |k| is its
modulus withk® = k2 + k2. Thus, the spectra of magnetic

energy and helicity can be determined from the two-point cor

relation function using Equations (1) and (3) where the farm
is given by the trace of the Fourier transformidf; resulting

in a positive-definite scalar quantitiy, whereas the latter is
defined by the skew-symmetric partﬁtjk giving a pseudo-
scalar quantity,Hy;, which can take both positive and neg-

ative values (Batchelor 1953; Moffatt 1978; Brandenburg &

Subramanian 2005).

gular velocityQ2. . Note that this dot product changes sign at
the equator. Both simulations (see Figure 1(b) @plda et

al. 2012) and observations (see Figure 9(b) of Brandenliurg e
al. 2017) show that the actual helicity profile is more concen
trated toward the equator than what is suggested by a simple
sinusoidal profile and that contributions fralnh > K, could
therefore become relevant. However, most crucial for the pu
pose of this paper is the sign change at the equator. Further-
more, we do not expect any systematic variation or a sign
change of helicity in the longitudinal direction. This is-be
cause the Sun is predominantly axisymmetric both concgrnin
both its velocity and magnetic structures. If turbulences wa
driven by the magnetic buoyancy instability, spontaneais h
licity production of either sign is in principle possiblel{at-
terjee et al. 2011b). This can perhaps account for occdsiona
departures from a strict north—south antisymmetry, whieh w

As discussed in BPS17, relaxing the assumption of homo-still expect to prevail on average. Indeed, numerical semul
geneity allows us to determine the spectra as a function of ations of BPS17 demonstrated that the magnetic helicity of a

slowly varying coordinate denoted by, sa¥,. This is par-
ticularly relevant for the Sun, where we expect oppositasig
of helicities in the northern and southern hemisphereslewhi
assuming statistically similar conditions at all longitsd Be-

helically driven turbulent dynamo reflects a similar sindsb
variation alongZ when the background turbulence possesses
kinetic helicity that varies sinusoidally witdd, changing sign

at the equator af = 0.

low we describe such a procedure to determine spectra that Following the motivation laid out above, we focus here on

involve a double-Fourier transform.

2.1. The two-scale approach

helicity profiles proportional tein K2 with the equator at
Z = 0. Its Fourier transform is—%ié(Kz — Ky). We

will therefore plot thenegative imaginary part of ]:]M(K, k),

Under nonhomogeneous conditions, the two-point correla-which reflects the sign of magnetic helicity in the north-

tion function,M;; (z’, ") =
(Roberts & Soward 1975):

]V[ij(Xaw) = (Bi(X + %CL‘) Bj(X — %:B»,

(Bi(z')B;(x")) takes the form

(4)

whereX = (x’ + «””)/2 is the mean or slowly varying co-
ordinate ande = «’ — z”, called the relative coordinate,
is the distance between the two points arolXid Fourier-
transforming Equation (4) first ovet, and then overX af-
ter assuming locally isotropic conditions, one obtainsftie
lowing simple expression for the doubly Fourier-transfedm
two-point correlation function (BPS17):
M;;(K k) = (Bi(k+ ;K) Bj(k - 3 K)). (5

Here the wavevectorgl and k denote the conjugate vari-
ables toX andx, respectively. Analogously to Equations (1)

and (3), theK -dependent magnetic energy and helicity spec-

tra are thus determined from (BPS17):

2B(K k) = / 61 My (K, k) kdS, (6)

kHw (K, k) = /ikiGijijk(K, k) kdQ. (7

ern hemisphere. The total magnetic enefgy and helicity
Hwm(Kp) are defined as

= /0 ~ B(0, ) dk, (8)

Hni(Ko) 2/0OC Hy (Ko, k) dk, 9)

which will be used in Section 4.

3. DATA ANALYSIS

We analyze synoptic vector magnetograms from 74 CRs of
the Sun where we determine the magnetic energy and heli-
city spectra either for each CR or by sometimes first combin-
ing the synoptic vector magnetograms from three successive
CRs. The data are based on measurements from the VSM
instrument on the SOLIS project (Keller et al. 2003; Bala-
subramaniam & Pevtsov 2011). SOLIS/VSM observes Fe |
630.15 and 630.25 nm spectral lines, with a spatial sampling
of 1.14"” per pixel and a 204& 2048 pixel field of view. The
line profiles of the Stoke§), U, V, andI are derived using
the Very Fast Inversion of the Stokes Vector code (Borrero et
al. 2011) on the Fe 1 630.25 nm line, which includes the mag-

The spectrum of magnetic helicity with a slow variation in netic field filling factor. The 180ambiguity in the transverse

the z direction is proportional tain Kz Z and is given by
K = (0,0,Kz), whereK; = 2n/L andz = Z are used
interchangeably.

Unlike Hy (X, k), which is real, Hy (K, k) is complex.

field direction is solved using the Very Fast Disambiguation
Method (Rudenko et al. 2014). Synoptic maps of the three
vector components of the photospheric magnetic field are con
structed from daily full-disk magnetograms. We use the 180

The quantity of interest depends on the spatial profile of the x 360 pixel maps of the photospheric vector magnetic field,

background helicity. Rotating and gravitationally stiet

where each pixel gives the observed full vector magnetid fiel

bodies such as the Sun are expected to harbor helical flowsB = (B,, By, By), with r, 6, and ¢ corresponding to the

with a sinusoidal modulation of kinetic helicity as a fumcti

radius, colatitude, and longitude, respectively. The fisld

of latitude and a change of sign at the equator. This is becaus mapped onto thég, 1) plane withy = cos 6, allowing us to
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adopt a right-handed Cartesian analysis by substituting _ 10000 7 T ]
£ F (R (0.K)) K
(gb,,u) —>(y,z), (BT’B¢7_Be)_> (BaivByaBz) (10) NS [ ]
In the definitions of quantities of interest, notably 2, 1000 3 K32 3
kHy (K, k), given in Section 2.1, we consider a fixed IE: F / i
wavevectorK = (0, Ky) whereK, = 7/ R with R, being < i ,’w -8/ ]
the solar radius, and determine this as a functioh.ofThus, £ 100¢ o-o-0 *° . *
as noted before, we assume that the background helicity does EoLT ¥ 9 ]
not have any systematic modulation in longitude. For the £ 10k N (—ImkH (Ko k) Do ® & i
energy spectrum, we consider no modulation, as usual, and = E O Ppos. TR ° ]
determineF); (0, k) versusk. ! I @ neg. Average Spectra % 1
We consider all CR numbers between 2093 and 2178, ex- lE . . . 3
cept CRs 2099, 2107, 2127, 2139, 2152 — 2155, 2163, 2164, 0.01 0.10
2166, and 2167. These rotations suffer from poor data cover- — E ' ' 3
age and therefore depict obvious outliers. Our analysis thu g 1000 ¢ E
covers a period from 2010 January 30 to 2016 July 03 of the ¢, ;55 04 - s/3 ]
current SC 24, which reached its maximum during the mid- — YN N
dle of the year 2014. The wavelength-dependent scatter of 5§ 10§ 7T Oy R 3
the spectra can be considered as a measure of the error intro- & EoL R ]
duced by the temporal evolution of the synoptic maps and, to = LE . . 3
a smaller extent, stochastic errors in the measurementeof th 0.01 0.10
magnetic field vector. We define the rms ersgr(k) associ- k [Mm™]

ated with the spectrur®? (k) as

2 Figure 2. Top: magnetic energy (solid line) and helicity (dashed loiesles)
op (k) = < (P(k) — <7D(]<;)>CR> > , (11) spectra obtained after averaging spectra from CRs 2148-Xli§n conven-

tion adopted here corresponds to the sign of magnetic helicthe northern
hemisphere; open red (filled blue) circles denote positiegdtive) signs for

where( )cr denotes the average over CRs 21482151, whichthe magnetic helicity. Bottom: errors ¢8Exr)cr and(—ImkHu)cr, as
corresponds to the period of maximum solar activity. The g:/a:lermmed from Equation (11), are shown by solid and dashesd,Irespec-
statistical error adopted here is expected to be largesisat t v

phase, and therefore it is safer to read the spectra even from

other epochs in the light of overestimated errors being show is rather weak. Thé&-dependent errorgrap andoy g, esti-

This error, however, does not contain the uncertainty of mated according to Equation (11), are shown in the bottom
the magnetic field measurement itself. Noise in spectral panel of Figure 2. The retrieved magnetic helicity spectrum
line observations, uncertainties and simplifications wein during the maximum phase of SC 24 is significant atkall
sion method (like assumption of a Milne-Eddington-type when contrasted with its error.
atmosphere), and possible errors in disambiguation method In the context of the solar dynamo, a distinction between
introduce uncertainties. It is virtually impossible toiaély large and small scales can be made based on the wavenum-
quantify this error (see, e.g., Borrero et al. 2014). Moezpv  ber k, where the magnetic helicity changes sign, i.ek at
the synoptic map is constructed from consecutive observa-{).02 Mm ™', corresponding to a scalé ~ 315Mm from
tions over solar rotation: it is not a snapshot. Averagingrov Figure 2. Typical scales associated with ARs~0f30 Mm
large number of pixels observed within a few days improves are therefore considered “small,” whereas the large seates
the signal-to-noise ratio but makes the variable smallesca comparable to the solar radius. We also note that such a dis-
magnetic features less reliable. tinction is not always possible, as the spectrum showsfsigni

cant variation between different epochs. Neverthelegs/és
us a perspective on the relevant scales involved in the under
4. RESULTS lying dynamo mechanism.
4.1. Average spectrum during the maximum of SC 24 We recall that an energy spectrum proportional it
) o i ~_ (Saffman spectrum) means that the large-scale field is ran-

First we show, in Figure 2, the spectra of magnetic helicity dom. However, only the steepiet Batchelor spectrum would
and energy as a function &f obtained after averaging over imply that the largest scales are not causally related to the
individual spectra from CRs 2148-2151 which correspond to smaller ones (Durrer & Caprini 2003). All the spectra re-
the phase when the Sun was most active during SC 24 intrieved in this study show shallower power laws at the small-
terms of sunspot number. As noted before, the relevant quanest wavenumbers, implying a causal connection between the
tity here is —Im kHw (Ko, k), which has the sign conven- large and small scales. As discussed further below, it  als
tion corresponding to the northern hemisphere. Remarkably possible that we see evidence of Kazantsev scaling witt’a
the averaged spectrum of solar magnetic helicity, denofed b subrange at: Mm < 0.03, which would be indicative of a
(—ImkHy (Ko, k))cr, as shown in the top panel of Figure 2, small-scale dynamo (SSD; Kazantsev 1968). Indeed, astro-
clearly reveals a bihelical signature, with positive (rnegd physical dynamos operating at high magnetic Reynolds num-
helicity at small (large) wavenumbers, exactly as would be bers are expected to exhibit a unified version of dynamo ac-
expected from an effect-driven solar dynamo (Blackman & tion that combines elements of both SSDs and LSDs (Sub-
Brandenburg 2003; Yousef & Brandenburg 2003); see Fig- ramanian 1999; Subramanian & Brandenburg 2014; Bhat et
ure 1 for the expected HSR. However, the power at small al. 2016). On the other hand, the bihelical magnetic field ex-
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10 (a) Histogram E determined by first obtaining the corresponding spectra for
8F E each CR using Equations (6) and (7) and then computing the
6 | HSR Obeyed: 76% E k integral. The integrated magnetic helicity is shown in Fig-
4F E ure 3(a) and (b), which reveals that it is generally small, as
g 3 E might be expected for bihelical magnetic fields leading ¢ si
nificant cancellations of opposite helicities at large amals
—2000  —1000 0 1000 =000 scales. As is evident from the histogram presented in Fig-
oy [G"Mm] ure 3(a), the most common values are around a few tens of
r 10000 (b) Cycle 24 ' gm L AT E G2 Mm, while the distribution also develops wide wings with
S 1000F ’.M?lm/g'b i Py I te 1 values of the order of 1000 or 20082 Mm, but such events
‘G100 gé‘*”, o e ¢ 'y i % @s’é &t 1 are relatively rare. They can be associated with complex ARs
— 10E° 7 ne ° s 1 dominating the spectrum with significant intrinsic magaoeti
X 1 8 po§ E helicity. We discuss some examples later in this paper.
F Oct 2014 3 The median of the distribution is clearly negative, as can
_ 1500 () E also be seen in the dominance of blue circles in Figure 3(b).
B 1000 F E This is due to the large-scale contributions, giving a posi-
= E E tive signal in the northern hemisphere if HSR is obeyed, be-
© E ing subdominant to the negative helicity carried by the ARs.
Therefore, positive values of this quantity can indicatbegi
E an occasionally dominating positive large-scale contidsu
& 15F = or a non-HSR-obeying positive helicity at the smaller ssale
= ok E The former happens only during the early declining phase of
F 5 3 E SC 24, when magnetic energy and helicity obtain maxima, as
ok E will be discussed in detail in Section 4.4. Therefore, a nega
0.20F ] tive (positive) sign of the integrated magnetic helicityrdze
0.15 E(e) - 3 regarded as a good proxy obedience (violation) of HSR.
— o 3 Of all the 74 CRs analyzed, 76% exhibit negative integrated
£ 0.10F E magnetic helicity and are therefore judged to obey the HSR.
0.05F E Note again that we follow here the sign convention of the
0.00E 3 northern hemisphere, which may be inferred from Figure 1.
2100 2120 2140 2160 2180 The likelihood to obey HSR is increased during the ascend-
CR ing phase of the SC, while it is decreased during the first few

CRs of SC 24. The integrated magnetic energy, shown in
Figure3. (a) Histogram off{as, and temporal evolution of (], (€) Figure 3(c), attains a maximum in 2014 October, when also
&, (d) £y, and (€)|rai|; see Equations (8), (9), (12) and (13). The blue Very large magnitudes of magnetic helicity are seen. This
filled (red open) circles in panel (b) denote, as usual, neggpositive) val- is roughly 6 months later than the maximum of SC 24 ob-
;’egvlg"r"tgsf'gg Cé’s”‘(;%gt'O‘”n;::rfligzpl?”%{‘tgéokr;hea;‘gﬂtnhe;?e’?pﬁg:ga .mﬁe tained from sunspot numbers (2014 April). Already before
Wi valu | | . . . 4
histogrgm. Solid blacklgnd dashed }:ed curves in panel (cés%und eV _the maximum energy an,d. heI|C|ty are r_eachgd, the sign of the
from Equation (8) and directly from synoptic maps, respetyivDashed and integrated magnetic helicity becomes ill-defined, the saas
solid lines in panels (d) and (e) are based on original and #tedespectra  behind this being discussed in Section 4.3, and this behavio
using a three-point boxcar filter, respectively. continues during the declining phase; see Section 4.4.
It is useful to have some estimate of the integral scale of

pected from any effect is usually expected to imply an ac- turbulence’y;, which is defined as

tual increase in magnetic power at sm@llsee Figure 3 of
Brandenburg (2001). All the spectra computed here show less

B o0 4 ~ oo ~
power at small wavenumbers than in the large ones; this could EM_/O k EM(O’k)dk//o En(0,k)dk. (12)

be a manifestation of the SSD dominating the LSD near the o . .
surface (Trujillo Bueno et al. 2004). We show in Figure 3(d) the time evolution éf; based on

At the largest values of, one also sees occasional data the original and smoothed spectra using a three-point box-
points with a reversed sign, but the power is again low. car filter. Its average/y; ~ 15Mm, is somewhat smaller
The measured power is dropping below its estimated error atthan a previous estimate by BPSY¥;(~ 20 Mm). This dis-
wavenumbers where the sign change occurs, so this cannot berepancy is likely a result of the higher spatial resolutoén
regarded as a reliable finding. Nevertheless, the occierenc the HMI data used by BPS17. We know from the realizabil-
of mixed signs as such is not surprising given the turbulentity condition (Moffatt 1978; Kahniashvili et al. 2013), i,e
nature of the underlying magnetic field and has been seen belH|/2Em < £y, that the magnetic energy of helical fields is
fore (BPS17). However, compared with the usual one-scalebound_Ed from below, and therefore the absolute value of the
approach used in Zhang et al. (2014, 2016), these mixed sign§uantity
are surprisingly rare. ™ = Har/20uém (13)

- cannot exceed unity. In Figure 3(e), we show the evolution
4.2. HSR gtatistics of |r\| and note that the realizability condition is obeyed at
Before discussing more spectra from a few individual CRs all times, with|r\;| being always below 0.2. This is similar
at different phases of SC 24, we next look at the temporal evo-to what was obtained in BPS17. It should be noted that the
lution of the total integrated magnetic eneigy and helicity integral scale in Equation (12) is sometimes defined with a
H, defined in Equations (8) and (9), respectively. These arefactor. We have ignored this here to avoid a corresponding
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CR Figure5. Top: magnetic helicity and energy spectra from the interpahs
ning CRs 2093-2095. Spectra are determined after stitcoigether data
from these CRs. Bottom: synoptic chart of the radial compoogétite mag-
Figure4. Temporal evolution of spectral magnetic energy and helidity a netic field, B, covering the same time span. The sign convention adopted
k 2~ 0.01 Mm~" (top),0.05 Mm~" (middle), and0.16 Mm ! (bottom), here corresponds to the sign of magnetic helicity in the morthemisphere;
where corresponding length scale= 27/ is displayed in panels;+/—" open (filled) circles denote positive (negative) signs lfiernagnetic helicity.
(“—/+") denotes the percentage fraction of positive (negatiign) sf the

magnetic helicity at chosen imum phase, but they obtain similar magnitudes to those dur-

factor in Equation (13). However, the actual energy-cagyi ing the maximum at their peak values_. The large-scale powers
structures tend to be larger by a similar factor. are very weak and fall below the estimated errors. The spec-
Itis also important to check how well the HSR proxy, based tral scaling is steep, close to the Saffman spectrum With
on the total magnetic helicity, works by inspecting how the indicating random large-scale fields, but due to the weak sig
sign of magnetic helicity changes at a few selected values ofnhal, large uncertainty is related to this value. _
k. With the sign convention of the northern hemisphere as Although the magnetic fields are clearly bihelical, the sign
before, we show in Figure 4 the temporal evolutior2dfy giftemgfg\r/]v%t; Cveejlcg% :étsfr%arg g”sdir:]aggftg‘iu%ﬁfetm 3%2;710
and —ImkHy; at three fixed values of. Again, most of : - -
the analyzed data reveal that the expected HSR is obeyed, Otdeél' l:? hoidrqnhit al;{ (2003)’ however,ddllst%ustsed a d'fgert
may be seen from the bottom two panels corresponding tosncr(1 aol?eg%r;s%?nglgz )ép?')n %ﬂ%@%ﬂ‘o ﬁaseaof?r?epéeclg
intermediate and small scales, dominated mostly by the ARS’TI;esglaris:a due to the fll:Jxltl?bes of thg ﬁew cvele eme)? in
which are expected to carry a net negative helicity in thémor . ; h loidal fields f th / ¢y | 9ing
However, the top panel corresponding to large scales shows ¥ reglonﬁvl\{ ere Ff)o olgal s rOT.” c pr_e;no#s be<|3 e,;pdos
larger fraction of CRs violating the HSR. The absolute value Zﬁ?(l)n% ogé?slt{:gn Zlgéongoglljgcrg gi:ni&errglisri rel\J/rergaeIZ when
of the helicity are indeed much smaller at these scales, an tic helicit P tion law i gt train th
better estimates are therefore needed to reliably deterthe mgggf(gipiﬁ g:tl gl czo&s;rva lon faw 1S used to constrain the
sign of magnetic helicity at large scales. In comparison to other observational results, current
. helicity-based proxies indicate such reversals for SC 2(B
4.3. Barly rising phase of SC 24 et al. 2000; Zhang et al. 2010), while not for SC 24 (Gosain
We now show in Figure 5 the spectra of magnetic helicity et al. 2013), and the results for SC 23 remain contradictory,
and energy that are obtained after stitching together data f  Pevtsov et al. (2001) against and Zhang et al. (2010) in favor
three consecutive CRs 2093-2095, which correspond to theof reversals. In contrast, the Pipin & Pevtsov (2014) result
early rising phase of SC 24 covering a period from 2010 Jan-computing the global magnetic helicity using azimuthally a
uary 30 to 2010 April 21. The corresponding synoptic maps eraged mean magnetic field indicate a sign reversal at e lar
of only the r_adlgil component of the_ magnetic fl_elﬂ,,, are scales in the early phases of SC 24.
also shown in Figure 5. Note that withbeing longitude, the From the magnetogram showing the radial magnetic field
range0® < ¢ < 360° refers to CR 2095360° < ¢ < 720° B, in Figure 5, we see that most ARs are located at higher
refers to CR 2094, ant0° < ¢ < 1080° refers to CR 2093.  Jatitudes, as expected if the ARs followed the butterfly dia-
The magnetic energy and helicity peak at smaller scales,gram typical for the early rising phase, and therefore we do
approximately at 0.07 an@l09 Mm ', than during the max-  not expect significant “leakage” of magnetic helicity of opp
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Figure 7. Same as Figure 2, but for CR 2156, which corresponds to the time
when both magnetic energy and helicity reach a maximum in Figure

Oy~ 20Mm as noted below Equation (12) 10,k deter-
mined above gives a scale separatior= Lyeax/{m ~ 8.
Assuming this to be sufficient for distinguishing betweea th
large and small scales, we let, in this cagg..x to repre-
sent the ‘large’ scale. Then, the helicity spectrum in Fégbir
21582157 2156 is reminiscent of a classic picture due to an LSD where the
spectra have a peak at scales that are considerably laager th
the turbulent scales. Interestingly enough, Sheeley & Wang
(2015) found that the Sun’s large-scale magnetic field was re
) ) ) ) juvenated exactly during this period. This is further supgd
Figure 6. Same as Figure 5 but for the interval spanning CRs 2156-2158. by our inference that the power spectra are dominated by the
LSD during CRs 2156—2158, thus resulting in positg in
site sign through the equator. It appears more likely that th the northern hemisphere without, it seems, violating th&HS
ARs are intrinsically twisted in an opposite sense and dom- To examine in more detail the epoch when both total mag-
inate the magnetic helicity spectrum in Figure 5 with small- netic energy and helicity maximize, we zoom into CR 2156
scale positive helicity in the northern hemisphere, shgwin ~ and compute the spectra for it alone (hence the sharter

0 200 400 600 800 1000
Lon [degr]

maximum at scales arourt® Mm. range) in Figure 7, which, except for showing sign fluctua-
o tions in —Imk Hy; at largek, looks otherwise similar to Fig-
4.4. Early declining phase of SC 24 ure 6. The small-scale sign fluctuations might also be caused

Similarly, in Figure 6 we show the spectra and the mag- Py many complex ARs, such as 12192, 12205, 12209, 12241,

netogram from the interval spanning CRs 2156-2158, which 12242, etc, being, at times, of thetype, that could carry in-
corresponds to the period from 2014 October 15 to 2015 rinsic helicities that are not necessarily always accado
January 03, i.e., just after the maximum of SC 24. While the sign rule. For SC 23, the number of complex ARs was
SC 24 reached its maximum in terms of the actual numberfound to decline slower than the total number of ARs, due to
of sunspots in 2014 April, the energy and also the helicity which their relative fraction was observed to be higher dur-
show a peak during 2014 October corresponding to CR 2156;n9 the declining phase (Jaeggli & Norton 2016), which lends
see Figure 3. The magnetic helicity spectrum now once againSUPpPOrt to this scenario. We note, in addition, that the powe
shows a bihelical signature with signs at small and large N the largest scales is significantly enhanced during ths C
being compatible with the HSR based on @riven solar ~ @n indication of enhanced LSD during this epoch.

dynamo. This is qualitatively similar to the averaged fisjic Intriguingly, the magnetic energy spectrum shows a
spectrum shown in Figure 2, but we also note an importantKazantsev scaling of*/2, which is predicted for the SSD,
difference. Here we find a positive sign for the peak value of albeit for the subinertial range. Here this scaling is, eath
CImk Hy (Ko, k) atkpea &~ 0.04Mm™!, i.e., scales around unexpectedly, seen at the large scales. As we elaborate in
Loearc =~ 160 Mm, with the spectrum turning negative for S€ction 5, these results are suggestive of both LSD and SSD

k> 0.1Mm™", i at scales smaller thai Mm. Hence, being operative simultaneously in the Sun, with (A& scal-

while the magnetic helicity spectrum at the largest and verying due to ;rhe SSD and bihelicity of fields due to the LSD
smallest scales remains largely unaltered, in the midrangefrom ano-efiect.

scales, where usually the ARs dominate with strongly neg- L
ative helicity, we observe strong reversed (i.e., positiag- ) 4.5. Late declining ph§s§ of 5C 24 )
netic helicities. As a result, the total solar magnetic disfi During the later part of the declining phase, the magnitudes

H during this period is positive in the northern hemisphere of total magnetic energy and helicity decrease, and theiteli
(marked by the letter ‘n’ in the inset of Figure 3(b)), thus ap sign shows fluctuations, as can be seen from Figure 3(b). In

pearing to violate the HSR, defined based on the sign of theFigure 8, we show that the spectrum of solar magnetic hglicit
total magnetic helicity. is very complex during this time epoch. It shows multiplasig

However, a closer look presents a much richer picture ac-reversals as a function éf During CRs 2168-2170, the dom-
cessible only through a spectrum such as the ones beingnant sign of magnetic helicity in the north is positive, $hu-
explored here. Comparing the integral scale of turbulenceolating the HSR. Moreover, sign changescat 0.03 Mm ™"
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Figure9. Same as Figure 5 but for the interval spanning CRs 2160-2162.
BPS17 studied these same CRs using vector magnetogram daiteedlftom
SDO/HMI.

very early ascending phase, when sunspots occur at high lati
tudes. This indicates that the equatorial proximity of tHesA

is not a necessary condition for sign rule violations. A sys-
tematic study of the relation of AR latitudes and complesti

to the magnetic helicity evolution is required to decide loa t
relevance of these factors; this will be addressed in adutur
study. Also, more dedicated numerical work is needed in this

217021692168

0 200 400 600 800 1000 direction to explore whether such sign anomalies are indeed
Lon [degr] associated with the morphological complexities of ARs.
Figure8. Same as in Figure 5, but for CRs 2168-2170. The middle panel 4.6. Comparison to BPSL7
shows the spectra obtained from a smaller 2D patch of&i2ex 60° con- .
taining the AR 12443 that emerged close to equater, +6°as aj-type on In BPS17,SDO/HMI synoptic maps for CRs 2161-2163
2015 October 30 during CR 2170. were analyzed with an approach identical to that presented

here. The corresponding spectra from SOLIS data are shown

reflect possible fluctuations at the largest length scatesjta  in Figure 9, although the CRs included are not exactly match-
is not necessarily caused by ARs. These sign changes posng those of the used HMI data. The main difference is that
sibly occur owing to spectral power being proportionakto no bihelical spectrum could be recovered from the HMI data,
expected for random fields that ar&orrelated in space. while the SOLIS data show a sign reversal. Also, the HMI

However, the violation of the sign rule seen at intermediate data have considerably higher spatial resolution, ancether
to largek in the top panel of Figure 8 could indeed be caused fore the data extend to far larger valueskoWith better es-
by the emergence of some peculiar ARs. To investigate thistablished power laws, while the SOLIS data fail to show clear
further, we focus on the AR 12443, which emerged close to power laws. In both computations, we see fluctuations at the
the equator during CR 2170. This developed a compghex largest wavenumbers, possibly due to low-amplitude, small
type structure and gave rise to a couple of M-class and sevscale magnetic fields.
eral C-class flares. The spectra determined from a smaller 2D To hunt down the reason for the difference seen at small
patch containing AR 12443 are shown in the middle panel of wavenumbers, we transform back fraih space toZ space
Figure 8, demonstrating that this AR carries, unexpectedly and show the spectra as a function of latitude in Figure 10.
a net positive magnetic helicity. The proximity of this AR By comparing this figure with Figure 9 of BPS17, we see
to the equator could be yet another possible reason for thethat there is a good agreement between the results at inter-
observed violation, as it is not clear whether the undeglyin mediate scales. The retrieved extrema of the magnetic he-
LSD activity belt is strictly symmetric about the equators A licity are larger for SOLIS than for HMI, with the magnetic
discussed in Section 4.2, and as shown by Chatterjee et alenergy values being in fair agreement. At the small wavenum-
(2011a), this could be a result of spontaneous helicity pro-ber end (largest scales), however, differences are ohvittus
duction of either sign by the magnetic buoyancy instability the smallest:, the HMI data show relatively strong signals
Violations of the sign rule, however, are also seen durig th extending to high latitudes, violating the HSR especiatly i
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mates transverse fields outside ARs (private communication
with SOLIS/VSM and SDO/HMI teams).

5. DISCUSSION

This study was motivated by the earlier paper by BPS17
where no bihelical magnetic helicity spectra could be re-
trieved from HMI/SDO data for three CRs during SC 24. In-
stead, the helicity spectrum showed the same sign at lagye an
small scales, inconsistent with the expectations from & hel
cally drivena effect dynamo scenario. BPS17 argued that this
might simply be due to the epoch of the observations having
been unfortunate. Another line of thought was that the solar
surface could be a special place in between the dynamoeactiv
convection zone and the solar wind. These regions are ex-
pected to show reversed signs of helicities according to-mod
els (Warnecke et al. 2011, 2012) and solar wind observations
(Brandenburg et al. 2011), the sign change possibly ocayrri
in the surface regions, resulting in undetectable or weak sy
tematic helicity signatures. Our current study shows tloét b
lines of thought were partially correct. In fact, more retidi
modeling now suggests that the sign change is expected to oc-
cur at a height of just- 5 Mm above the surface (Bourdin et
al. 2018).

Throughout the nearly 7 yr of data analyzed here, the power
at large scales is persistently weaker than that in the migra
scales, distinctively different from the dynamo simulatp
where the large scales possess the largest power. This in-
dicates that the helicity signatures of the LSD are, indeed,
weak near the surface, overwhelmed by the helicity sigral th
the active regions carry, influenced by the SSD, and, perhaps
—— most importantly, prone to be affected by noise and any uncer
_25 _20 15 1.0 05 tainties related to the data analysis procedures. Our sisaly

log,, k [Mm™!] reveals that the expected bihelical signature can be vettie
easily from time-averaged spectra as computed from the high
signal-to-noise SOLIS/VSM synoptic maps, but it also high-

Figure10. Magnetic energy and helicity spectra for 2D solar surfadada |; ; ; PNy
for CRs 2160-2162 as a function kfand latitude. Colors to the left of the |IghtS the need for better synoptic maps, covering a Slgmhc

dashed vertical line are saturated at levelsG2 Mm to highlight the sign fraction of the SC, allowing us to find the opposite sign of

lat [degr]

—2.5 —2.0 -1.5 —-1.0 -0.5
log,, k [Mm™']

40

lat [degr]

reversal in the southern hemisphere. helicity at large scales as compared to results in BPS17; see
Section 4.6.
the high southern latitudes and northern lower latitud@s- S We recover a rather weak dependence on the SC, but cer-

ilarly, the SOLIS signal at the smallektcomes from higher  tain patterns can be discerned. The probability of recover-
latitudes. The power at these scales is lower than in the HMling a bihelical, HSR-obeying spectrum is increased during
spectra, and the sign rule is not violated as strongly. linbot the rising phase of the SC. Magnetic helicity tends to max-
the SOLIS and HMI data, the helicity and magnetic energy imize not during the sunspot maximum but after some delay,
fade off at highk, and both seem to indicate that north and and the descending phase is characterized with almostmando
south are somewhat asymmetric, with the north decreasingkinds of helicity spectra. During the solar minimum, we ob-
more rapidly than the south. In conclusion, the intermedi- serve an increased probability to find HSR-violating héfici
ate scales seem to be in fair agreement with both data setsspectra. These findings are in partial agreement with earlie
but some differences can be seen especially at the largesivork (sign change in between the ascending and descending
scales. Also, the sign change at low wavenumbers in thephases), which has been reported before (e.g. Brandenburg
southern hemisphere as apparent from Figure 10 was not seeet al. 2003) and for which also theoretical explanationsehav
by BPS17. been proposed (e.g. Choudhuri et al. 2004; Pipin et al. 2013)
Some of the discrepancies might relate to the differenceslnexplicable features in our data (e.g., the reversed dgm a
between the two instruments. SOLIS/VSM observations usedat the large scales, the highly variable behavior duringlthe
for this analysis have a significantly higher signal-toseaia- scending phase), however, remain.
tio and spectral resolution compared to HMI (see, e.g.,-Thal  One scenario that could explain the highly variable behav-
mann et al. 2012). Recent studies also show that SOLIS andor in the descending phase are contributions arising frem v
HMI observations of meridional and zonal magnetic fields of- complex ARs. In this work, we analyzed only one such re-
ten disagree at intermediate field strengths (plage repions gion, but we were able to show that such a region can con-
This most likely relates to fundamental limitations in Zem  tribute significantly to the reversed helicity sign at imber
effect-based vector magnetic field observations due torthe u diate scales. Their relative abundance to less complex ARs
equal noise in the transverse and line-of-sight comporants is known to be elevated during the descending phase of the
the magnetic field. HMI data processing also suffers from SC (Jaeggli & Norton 2016). Another possibility could be
lack of a realistic filling factor, which most likely overést  that signals from ARs occurring close to the equator might
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leak into the opposite hemisphere, thus polluting the spett  better data, as it is possible that it is not the Sun but the
from this hemisphere with the wrong sign. This scenario doesdata themselves that are more enigmatic, leading to ogposit
not, however, explain the reversed signs of helicity atdarg claims based on measurements from different instruments.
scales. We discussed one such example while noting some more from

By separating the magnetic fields associated predominantlythe literature. Therefore, improved data quality from upeo
with ARs into “weak” and “strong” fields, and determining ing missions such aSolar Orbiter with synergetic measure-
the current helicity as well as the force-free parametenésé ments from other facilities like DKIST is critical to estadii-
two regimes, Zhang (2006) found that the twistedness associing some fundamental claims about the solar helicity.
ated with only the weak magnetic fields obeys the sign rule.
Thus, opposite signs of helicities were seen in weak- and
strong-field regimes, giving evidence of a bihelical natofre T
magnetic fields. However, repeating the same procedure ong
a different dataset resulted in an opposite finding where the
strong fields were found to obey the sign rule while the weak
fields carried the other sign of helicity (Gosain et al. 2013)
Despite such different findings, it is interesting enougt th
the bihelicity could potentially be discerned in this wayes
the diffuse weak fields might represent the global/mean heli
city while the strong fields could be more representativéief t
local/fluctuating component carrying the opposite sigrhef t
magnetic helicity.

As discussed in Section 4.4, the magnetic helicity spec-
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ing features of clear HSR-obeying bihelicity, large power a visiting faculty appointment (AB).
the small wavenumbers, together with a Kazantsev spectral

slope at large scales. It is not obvious whether systems with

magnetic Prandtl number &r — V/n < 1 with v andy Arnold, V. I., & Khesin, B. A. 1992, Ann. Rev. Fluid Mech., 2445

bemg. the kinematic viscosity and microscopic resistviey Balasu7bran”‘|aniam, K.VS., & Pevtsbv, A.2011, Proc. Int. Sac. E)lpr_l;

spectively, must always host an SSD, which is much harder gj43 814809

to excite in such a regime, making it somewhat an open is-Bao, S. D., Zhang, H. Q., Ai, G. X., & Zhang, M. 1999, A&A, 139,81

sue whether the Sun, being a lowgPobject, indeed supports  Bao, S. D., Ai, G. X,, & Zhang, H. Q.. 2000, J. Astrophys. Astr®1, 303

SSD. However, although dynamos atP& 1 are harder to Batchelor, G. K. 1953, The theory of homogeneous turbuleGeenpridge

excite (Schekochihin et al. 2005), the adverse excitation ¢ Be?;é‘ﬁeﬁ'ty&?ﬁj)e B. 1984, 3. Fluid Mech. 147 133

ditions at Px; = 0.1 are now understood to be a consequence pat, p., Subramanian, K., & Brandenburg, A. 2016, MNRAS,, £8D

of the bottleneck effect in turbulence (Iskakov et al. 2007) Blackman, E. G., & Brandenburg, A. 2003, ApJ, 584, L99

This effect is particularly strong when turbulence is fatrce Borrero, J. M., Tomczyk, S., Kubo, M., Socas-Navarro, H.,ccH.,

at the scale of the domain. Simulations of Subramanian & . CO“V'dJatMS-'LBOQag'\FfV- 2oLt SA‘"aFr{PhYS:'g%LéW 2014

Brandenburg (2014) at larger forcing wavenumbers resulted” g a cry asy o o 99 A Rezacl R., & Rempel 2014,

in no visible increase of the critical dynamo number. Once Bourdin, Ph -A., Singh, N. K., & Brandenburg, A. 2018, Apdbanitted,

the dynamo is excited, the bottleneck effect is suppressed,  arXiv:1804.04153

the low-Pg; controversy is hardly relevant in the nonlinear Brandenburg, A. 2001, ApJ, 550, 824

regime (Brandenburg 2014). B randonburg. A& Subramanian. . 2005, Phys. Rep. 417, 1
Based on the Kazantsev spectrum seen in Figure 7 and bea@randenburg: A Blackman, E. G & Sarsc’)n, ()3/ R. 2863, Aéa.&mi.,

ing in mind the discussion of the previous paragraph, we note 32, 1835

that these results are suggestive of both LSD and SSD beingrandenburg, A., Subramanian, K., Balogh, A., & Goldstein LM2011,

operative simultaneously in the Sun. It remains to be seen_ ApJ, 734,9 _ _

how it all fits into a unified scheme of SSDs and LSDs such Br‘g‘é‘ggg@‘)‘rg' A., Petrie, G. J. D., & Singh, N. K. 2017, ApJ5 821

as the one explored by Subramanian (1999). More numericalcharhonneau, P. 2010, Liv. Rev. Solar Phys., 7, 3

works covering a sufficiently broad range of scales are retede cChatterjee, P., Mitra, D., Rheinhardt, M., & Brandenburg281la, A&A,
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