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The onset of solar cycle 24
What global acoustic modes are telling us
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ABSTRACT

We study the response of the low-degree, solar p-mode fneipgeto the unusually extended minimum of solar surfadgeigcsince
2007. A total of 4768 days of observations collected by treceghased, Sun-as-a-star helioseismic GOLF instrumerarealyzed.
A multi-step iterative maximum-likelihood fitting methosd applied to subseries of 365 days and 91.25 days to extegt-thode
parameters. Temporal variations of the 0, 1, and 2 p-mode frequencies are then obtained from Ap@i618 May 2009. While the
p-mode frequency shifts are closely correlated with salaiase activity proxies during the past solar cycles, tegdiency shifts of
thel = 0 andl = 2 modes show an increase from the second half of 2007, wheigmnificant surface activity is observable. On the
other hand, thé = 1 modes follow the general decreasing trend of the solaaseréctivity. The dferent behaviours between the
| = 0 andl = 2 modes and the= 1 modes can be interpreted afelient geometrical responses to the spatial distributiacheo§olar
magnetic field beneath the surface of the Sun. The analysiedbw-degree, solar p-mode frequency shifts indicatesttie solar
activity cycle 24 started late 2007, despite the absencetivit on the solar surface.
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1. Introduction has also been clearly uncovered (Jiménez-Reyes et al4; 200
Th f heliosei | is due to it bility tas Chaplin et al.| 2004). The size of the shift also reflectéedi
€ SUuccess ot helloseismology IS due 1o Its capabiiity WIAC opces jn mode inertia. However, the change in inertia With

rately measure the p-mode parameters 9f the sqlar eigenmg Il for low-degree modes, and the spatial distributiomido
spectrum, which allow us to infer unique information abdwt t .« - \vall '

internal structure and dynamics of the Sun from its surfdce a The unusLJaI long and deep solar activity minimum as well
thedway d%\.Nn tofthr? cgre. I r:jas grggtl;(/j c_:omr;lbutgd tor? bet%s the lack of a visible onset of the new cycle 24 have motivate
understanding of the Sun and provided insights into the cofn- : ; .

plex solar ma%]netism through fgr instance thge variabiffthe the present work in order_to investigate the response ofothe | _
characteristics of the p-mode spectrum. degree p-mode frequencies to this extended minimum (2007 ti

Evidence of low-degree p-mode frequency changes with 5%r_esent) as compared with the rest of cycle 23 (since 1996).

lar activity, first revealed by Woodard & Noyes (1985), wese e

tablished by Pallé et al. (1989) with the analysis of h&issiic .

observations spanning the complete solar cycle 21 (1978)19 2- Data and analysis

Later on, Woodard & Libbrecht (1991) measured similar varia ; pata sets

tions in intermediate and high angular-degree modes. Agelion

higher quality, and continuous helioseismic observatimtame Observations collected by the space-based instrumentaGlob

available, the solar p-mode frequencies proved to be versise Oscillations at Low Frequency (GOLF) instrument onboasd th

tive to the solar surface activity not only during solar &2B8 Solar and Heliospheric ObservatogOHQ spacecraft were

(see for example, Howe etlal., 2002; Jiménez-Reyes etdl4,2 used for this work. GOLF is a resonant scattering spectropho

and references therein) but also over the last three sotdesy tometer measuring the Doppler wavelength shift — integrate

(21, 22, and 23), spanning a period of thirty years (Chaglalle over the solar surface — in the;2and D, Fraunhofer sodium

2007), with high levels of correlation with solar surfacéidty lines at 589.6 and 589.0 nm respectively (Gabriel et al.51.99

proxies. A total of 4768-day velocity time series (Garcia et al., 200
The frequency shifts have also been shown to be angulatarting on 1996 April 11 were used (see calibration method

degree dependent (Jiménez-Reyes et al.,|2001), or rathee-m inlJiménez-Reyes etlal., 2003). Contiguous subseriesaB6

inertia dependent, but Howe et al. (2002) found that theulati 91.25 days were produced with a four-time overlap. The serie

dinal distribution of the frequency filerences for higth modes with afilling factor less than 60% for the 365-day series abih7

shows actually close temporal and spatial correlation With for the 91.25-day series were not used in the following asigly

surface magnetic field distribution. A marginal but sigrafiel  resulting in a total of 49 and 197 non-independent time serie

dependence of the frequency shifts of the low-degree p mod&5 days and 91.25 days respectively. Thus, the averaggd dut
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cycles for the 365-day and 91.25-day time series were 94.@#td 2 extracted from the analysis of both the 365-day and91.2
and 97.8% respectively. day GOLF spectra. As already widely reported, the frequency
We have also considered contemporaneous observatishits represented on Figl 1 are well correlated with tharsol
collected by the ground-based Mark-1 instrument at thgurface activity over cycle 23 (1996-2007). However, as are ¢
Observatorio del Teide _(Brookes ef al., 1978). Mark-I isoalssee on Figlll, the mean frequency shifts start increasing fro
a resonant scattering spectrophotometer but observingen the second half of 2007 while no significant surface actwifys
potassium Fraunhofer line at 769.9 nm. A total of 19 indepeabserved. Excellent qualitative agreement was obtaingudthe
dent yearly time series of the best consecutive 108 daysnmddark-I data, detailed work being in progress.
duty cycle 38%) were used. Figure[2 shows the dependence of the frequency sfiifts
on the angular degrdewith time, measured from the 365-day
spectra. The frequency shifts at edg¥er unit of change in two
global solar activity proxies, as well as the associateddeea

The power spectrum of each 365-day and 91.25-day time §gIrelation coéicient,r,, the Spearman rank correlation coef-
ries was fitted to yield estimates of the mode parametefi§ient, rs, and the two-sided significance of its deviation from
This fitting was performed by a multi-step iterative method€r0Ps are given in Tablell. These values were obtained from
(Gelly et al.[ 2002! Salabert etldl., 2007). The asymmetrie p the analysis of the 91.25-day spectra by using only indegreind
file of [Nigam & Kosovichev[(1998) was used to describe ead}pints (43 for the period April 1996—-June 2007, and 7 for the

2.2. Mode parameter extraction

component, as: period June 2007-May 2009). Note that they correspond to one
combination of independent series and that they are censist
(1+ amiXa))? + 02 within 10 with any other chosen sets. Given the range of ana-
Pri(X) = Hn, il N B, (1) lyzed frequencies and the considered time spans, the arobunt
' ' 1+ xﬁ,, the uncovered shifts over cycle 23 and their correlatioasan-

sistent within the uncertainties with Jiménez-Reyes /gP8l04)
wherex,; = 2(v — vn)/Tni, andvn, Tny, and Hy, represent and.Chaplin et all (2004). The= 2 modes have larger variations

the central frequency, the Full-Width-at-Half-Maximumwv),  IN comparison to the= 1 andl = 0 modes respectively.
and the power height of the spectral density respectivalyafo ~ From the end of 2007, the frequency shifts of the: 1
given mode i, 1). The peak asymmetry is described by the panodes keep slowly decreasing, following the trend of the so-
rameteky,,), while B represents an additive, constant backgrour@r surface activity, while thé = 0 andl = 2 modes have a
level in the fitted window. Due to their close proximity in fre very different behaviour. Indeed, the modes 0 and 2 show
quency, modes are fitted in pairs (i.es 2 with 0, andl = 3 increasing frequency shifts, such as expected if solarec4l
with 1). While each mode parameter within a pair of modes ah@s already started to progress. Tke0 and 2 frequency shifts
free, the peak asymmetry is set to be the same within pairsSsowW negative correlation with surface activity, while the 1
modes. The mode parameters were extracted by maximizin§eguency shifts are in some extent still correlated wittfae
likelihood function following they? with 2 degrees-of-freedom activity (Table[1). Note that the significances of having oof-
statistics of the power spectrum. The natural logarithmthef relation are larger because of much fewer number of indegrgnd
mode heightgwrm, and background noise were varied whicipoints (7 points) for the period June 2007-May 2009. In order
result in normal distributions. The formal uncertaintiesaach to stress this dierent behaviour with, Fig.[3 compares the fre-
parameter were then derived from the inverse Hessian matrixquency shifts of thé = 0 andl = 1 modes in relation with those
similar analysis was applied to the Mark-I spectra. of thel = 2 modes for the two periods April 1996—June 2007
and June 2007-May 2009, confirming what is shown on[Fig. 2.
o ) While the modes present similar behaviour during cycle 2®up
2.3. Determination of the frequency shifts the first half of 2007, thé = 0 and 2 modes behavefitirently

The temporal variations of the p-mode frequencies were dfMPared to thé= 1 modes from June 2007 and onwards.
tained by comparing each measured)frequency with the cor- The dﬁeren_t behawour_s observed betweerj values of angular
responding ( n) averaged frequency over the whole set of an4€9ree can be interpreted in terms of the spatial geometheof
lyzed spectra for the fierent datasets. The formal uncertaintie®'0des measured with the GOLF instrument. Indeed, Sun-as-a-
returned by the fits were used as weights in the average campgfa” Observations such as the ones made by the GOLF and Mark-
tion. The frequency shifts thus obtained were then averaged | NStruments are only sensitive to the modes Withml even.

the frequency range 20QB4z < v < 3300uHz. Note that due to This is because the solar rotation axis lies close to theepddin

its lower signal-to-noise ratio, we did not use the 3 modes in the Sky from the observing point. The observed1 frequency

the following analysis. Linear regressions between thgwfeaicy 'S therefore a Welgh_ted_ measurement of the visible compsnen
shifts and solar surface activity proxies were performedan (| = 1.Im = 1), while in the case of the = 2 mode, the fit-
values of daily measurements of the 10.7-cm radio flux and t}gdl frequency corresponds to the weighted measuremeneof th

Mount Wilson Magnetic Plage Strength Index (MPSI) were caf—Onal (= 2,m = 0) and sectorall(= 2,|m/ = 2) components

culated over the same 365-day and 91.25-day subseries. Jiménez-Reyes etlal., 2004). The sectoral modes are roore ¢
centrated along the equator while the zonal modes are most se

sitive to the high latitudes. Thus, the= 2 modes seen by full-
disk instruments are more sensitive to the high latitudethef
Sun. Moreover, they have larger frequency variations than t
As the minimum of solar cycle 23 has been longer than predlicte= 0 modes, which average the entire visible solar disk, while
and that no surface activity is being observed since the éndtloe full-diskl = 1 mode is more concentrated along the equator.
2007, we might expect that the frequency shifts would alsevsh The results presented here would then indicate that theepsoc
anextended minimunfrigurel shows the temporal variation ofesponsible for the frequency shifts at high latitudes atated

the frequency shiftgévo12) averaged over the modés= 0, 1, to the new solar cycle 24 started late 2007.

3. Results
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Fig.1. Mean frequency shiftésvg12) in uHz of the low-degree solar p modes extracted from the arsmbfsihe 365-day (filled
circles) and the 91.25-day (plus signs) GOLF spectra. Thecited mean error bars are also represented. The camncésgo
10.7-cm radio flux averaged over the same 91.25-day timaspown as a proxy of the solar surface activity (solid line)
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Fig. 2. Mean frequency shift&v) in uHz of thel = 0, 1, and 2 solar p modes (left to right panels) extracted ftwranalysis of the

365-day GOLF spectra. The associated mean error bars aresgi®sented. The corresponding 10.7-cm radio flux avdreger
the same 365-day timespan is shown as a proxy of the solacsuattivity (dotted line).

4. Summary and discussion moded = 0 and 2 modes are more sensitive to the high latitudes
than thel = 1 modes. Such a behaviour of the frequency shifts
While solar p-mode frequency shifts have been shown to @@uld indicate variations in the magnetic flux at high ladiés
closely correlated with the solar surface activity over flast related to the onset of solar cycle 24. This result qualiedyi
solar cycles [(Howe et al., 2002; Jimenez-Reyeslel al., ;20@@rees with the measurements of the cosmogenic isotfpes
Chaplin et al., 2007), it appears that during the unprediltteg  (Beer et al.| 1998) an¥'C (Stuiver & Braziunas, 1989) which
minimum of cycle 23, the frequency shifts of the low-degree ghow an 11-year periodic variation even during extremely lo
modes show unexpected behaviour. Since the second hal oféhochs of surface activity, such as the Maunder minimum.
year 2007, the frequency shifts are observed to be unctecela
with surface activity. While no significant surface actvitas Also, to estimate in a simple manner when the minimum of
observed, the frequency shifts of the motles 0 and 2 show cycle 23 occurred, we performed a second order polynomial fit
significant increases and those of the 1 modes follow the to the mean frequency shifts£ 0 and 2) over the period 2006—
extended minimum. The fierence between the= 0 and 2 2009. To do so, we used only independent points from the analy
modes and thé = 1 modes can be interpreted as #etient sis of the 91.25-day series. Thus, we obtained that the nimim
response to the spatial distribution of the solar magnetid.fin  of solar cycle 23 must have happened during the last qudrter o
Sun-as-a-star measurements such as the GOLF observ#t®n2007.
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Table 1. Frequency shifts at eadtper unit of change in solar proxy and correlations from thalysis of independent 91.25-day
GOLF spectra.

April 1996—-June 2007 June 2007-May 2009

| Gradient o rs Ps Gradient o rs Ps
10.7-cm radio flux

0 1.3+0.2 0.82 0.77 15x10° -166+12.1 -066 -0.71 0.07

1 1.7+0.2 0.82 082 B3x101 6.2+ 115 0.52 0.43 0.34

2 2.1+0.2 0.86 0.85 %5x10713 -267+13.1 -048 -032 0.48
Mount Wilson MPSI

0 574+73 081 078 F4x10% -4983+440.6 -058 -039 0.38

1 789+7.0 0.83 085 B7x101 239.6+ 419.1 0.56 0.46 0.29

2 96.0+7.8 0.85 084 B3x10'? -8273+457.1 -044 -007 0.88

3 Gradient against the radio flux in units of nHz REwith 1 RF= 1022 J s m~2 Hz™?); against the MPSI in units of nHz &
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Fig. 3. Relation of the mean frequency shifts fiklz) between angular degrétor the periods April 1996—June 2007 (open circles)
and June 2007—-May 2009 (filled squares) from the analysisen®1.25-day GOLF spectra (only independent points werd)use
Left panel:(6vo) againssv,). Right panel{dvi) againskév,). The solid lines correspond to linear fits between the daa tlae
dashed lines representthe 1 : 1 correlation.
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