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ABSTRACT

We report on first results of the inversion  of the radial gradient of sub -photospheric angular velocity using Ring diagram analysis. The angular radial

gradient profiles as obtained from our inversion are smoother than those estimated using numerical radial derivatives of the zonal flows. The invers lon
has been performed for 10 years of GONG data (years: 2002 — 2011; Carrington Rotations : 1985 - 2118). We find that this radial gradient is mostly negative
from near surface layers to about 16 Mm below the photosphere and for [-52.5°52.59 latitude range. Nonetheless, a positiv e gradient is found at high

northern latitudes before and after the extended solar minimum between cycles 23 and 24.

INVERSION OF THE RADIAL GRADIENT OF ANGULAR VELOCIT Y MEASURING THE GRADIENT USING RING DIAGRAM ANALYSIS
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In order to measure the solar rotational radial gradient , we need a formula that links We use the Regularized Least Squares inversion method (RLS) to :
Invert equation (I) . We use the frequency shifts as obtained using

it to an observable quantity, so that it can be inverted using observational data. ~ FIVEIL SHUALDITL) - YVE USE LI HEYUETLY STHLS ds LILdlliEt LSt
Hence, we first consider the relation between a frequency perturbation of a solar
acoustic mode (i ) in X direction (rotational axis) U)‘( and the velocity flow along the

same axis \/x , assuming the plane wave approximation .
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dopplergrams (1min cadence) with an angular extension of 15X15° _
centered at disk center. We use Snodgrass (1984) tracking rate and sof
Integrate the rotational kernels obtained from model S (Christensen-

50

R . . . . :
U' - Igi J K| (r )Vx(r ) dr (1) Dalsgaard et al. 1996) in order to get the tilt kernels given in equation _
s 5 (2). The resulting resolution kernels are shown in figure 1 for different o
B % values of the regularization parameter A and for two target depths
r " . . .
N _ ( ) RRetational kernel of the proper acoustic mode | R (SMm and 8Mm)' Very low A va_Iues cause the appearance of bumps FIGURE 1. resolution kernels for a given depth target (also given by the vertical
P i a ralivatinn narameatar addad ta make the rarmale tmimaditar e K Yde =1 close to the surface and very high A values spread the kernels out. lines): lower panel: SMm, upper panel: 8Mm and a set of regularization parameter
IL) IS A T1ormalZatlorn paraimneter, aadded L0 ITiake Uie Kerrels urimoaular Ie.J N \I)ul —41 J = _ i ) [ ) UMPET M Y M~
0 Thence, we choose A=5 for our inversion. values A; black: 0.1< A <1.26, orange: 1.5< A <5. , red: 6.< A <50.
Moreover, the integral in the right hand side of equation (1) can be integrated by 1000 [—————T—————————————————

part such as :
Surface angular velocity is needed to perform this inversion (equation

(I)) .In order to study its effect on the measurement of the angular radial
gradient, we have taken several values of the surface velocity and
applied the inversion for a patch located at disk center (figure 2). We
found that the surface velocity is only relevant at the very first 3Mm
below the surface. For now, we will not consider rigorously this quantity

TK' (1)Va(r)dr :Ki(R)Vx(R)—TIZi(r)VXd—(rr)dr, =K ed (2)
0 0 0

dv/dr(nHz/R)

Finally, the following equation is obtained from equations (1) and (2):

_ . ~. R~ A (I’) 2000} : in our inversion and will take V, (R) = 0 at all latitudes. Consequently,
I p —_ I I X i :
(U " +Vtrack) + 'k (R) [\/X(R) +Vtrack] =0 J' kK'(r) r dr (1 § we trust our results from 3Mm below the surface and deeper.
/\ O r _30000 B ; I i?? e 1I5 - 20
Surface angular velocity FIGURE 2. Rotational Radial Gradient for different surface velocity values of a patch

located at disk center.Full:5m/s,dotted:10m/s,dashed:20m/s,dash-dotted: 30 m/s

For the long term study of the radial gradient of angular velocity at different latitudes of the solar disk and a range of depths, we use long time

1 o i K" (r
K (r) = -5 i ) series of Global Oscillation Network Group (GONG) dopplergrams to which we apply the ring-diagram analysis (Corbard et al. 2003) using the
g K (r)ar dense pack technique (Haber et al. 2002). Each dopplergram is divided into a set of 189 overlapping tiles with centers separated by 7.5° in
_ _ _ _ V. (r) _ latitude and longitude and covering a range of +/- 52.5°In longitude and +/-52.5°In latitude. Each tile Is tracked during 1664min at the surface
Equation (I) can be inverted to get the angular radial gradient A knowing the rotation and the resulting dense-pack patch is Fourier transformed to get the high degree modes 3D power spectrum. The power spectrum is then
frequency shifts U, and the surface terms in the right hand side. fitted with a Lorenzian profile model which incorporates a perturbation term due to the horizontal velocity components. We use the x component of
the horizontal velocity from the set of fitting parameters to perform our inversion ( this set of parameters is available at
NB:  Viraxk :‘f} :hf? ::’:‘,‘;5,‘23 :ﬁf:ql.tr:i folt:?:nixﬁl.ﬁlrtmlz :ﬁﬁ:gr;hri ;eng;ifvrl i(if interest is tracked before measuring http://gong2.nso.edu/archive/patch.pl?menutype=h ). In this way, (daily) latitude-longitude maps of the rotational radial gradient are created
the frequency shifts in x direction using ring diagram analysis. for a set of depths down to 16Mm.
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FIGURE 3: Sub-surface radial gradient of angular ve  locity averaged over each mentioned year for the la  titude range [-52.5,52.5] and depths down to 16 Mm.

We apply our inversion to 10 years of Global Oscillation Network Group (GONG) data (2002 - 2011). After generating the daily maps of the rotational radial gradient, we average them over the longitude range for each latitude
and depth. The daily gradients are then averaged over one Carrington rotation and finally averaged over roughly one year. The resulting maps are shown in figure 3 from year 2002 to year 2011. Even though, the first 3Mm
are included in the maps, we will ignore them because of the poor consideration of the surface velocity in our inversion. These maps highlight the following features:

« the gradient is mostly negative at all depths and latitudes, except for high northern latitudes for the years before 2007 and after 2008.
« all the maps show assymetric bumps of the gradient at mid latitudes where its amplitude is higher than its equatorial amplitude for the same depth. This is in contradiction with previous measurements using f-modes

analysis of MDI data for the first half of cycle 23, where the rotational radial gradient was found to be constant (-400 nHz/R) at latitudes between 0 and 30°(corbard and Thompson 2002).
 The extension of these bumps in depth is deeper during the last years of cycle 23 (ie. 2002, 2003, 2004, 2005, 2006) than during the first years of cycle 24 (2010,2011)
 Except for these bumps, the radial gradient amplitude decreases with latitude at a given depth and tends to become positive at higher latitudes.

Our preliminary results on the measurement of the rotational radial gradient show that it has a more complicated behavior than what previous studies have found. In the near future, we will look more carefully on the surface

valocitv in order to imnrove nitir meaciiramente in the firet R2Mm We will alen do fiirther analvcice on the relatinn hetween mannetic activity and the lona term hehaviar of the rotationnal aradient
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