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Abstract. Ulysses, launched on 6 October 1990, was placedadiabatic deceleration in the expanding solar wind. As
in an elliptical, high inclined (802 orbit around the Sun, pointed out byJokipii et al.(1977) these drift effects should
and was switched off in June 2009. It has been the onlyalso be an important element of cosmic ray modulation.
spacecraft exploring high-latitude regions of the inner helio-Models taking these effects into accoumofgieter et aJ.
sphere. The Kiel Electron Telescope (KET) aboard Ulysse2001) predict the latitudinal distribution of galactic cosmic
measures electrons from 3MeV to a few GeV and protonsray (GCR) protons and electrons. In the 1980s and in the
and helium in the energy range from 6 MeV/nucleon to above2000s, during am < 0-solar magnetic epoch, a negative lat-
2 GeV/nucleon. The PAMELA (Payload for Antimatter Mat- itudinal gradient for positively charged cosmic rays is pre-
ter Exploration and Light-nuclei Astrophysics) space bornedicted. Such gradients were found by the cosmic ray instru-
experiment was launched on 15 June 2006 and is continments aboard the two VoyageGummings et a).1987 Mc-
uously collecting data since then. The apparatus measurd3onald et al. 19973. In the 1970s and 1990s, during an
electrons, positrons, protons, anti-protons and heavier nucles < 0-solar magnetic epoch, Pioneer and Ulysses measure-
from about 100 MeV to several hundreds of GeV. Thus thements in 1974 to 1977 and 1994 to 1995 confirmed the ex-
combination of Ulysses and PAMELA measurements is ide-pectation of positive latitudinal gradientsI¢Kibben 1989

ally suited to determine the spatial gradients during the exHeber et al. 19963. In particular, Ulysses measurements
tended minimum of solar cycle 23. For protons in the rigidity during the previous solar minimum have been reported by
interval 16— 1.8 GV we find a radial gradient of 2.7%/AU Heber et al(19960 andHeber et al(1999 using the mea-
and a latitudinal gradient 6£0.024%/degree. Although the surements of the IMP 8 spacecraft as a baseline close to
latitudinal gradient is as expected negative, its value is muctEarth.

smaller than predicted by current particle propagation mod- In this work the data comparison with PAMELA has been
els. This result is of relevance for the study of propagationcarried out in the period of overlap of the two missions, be-
parameters in the inner heliosphere. tween July 2006 and July 2009. Because the solar activity
changes the GCR intensity in a rigidity dependent way, it
is important to compare data samples at the same rigidity.
Therefore, after a brief description of the two instruments in
Sect.2, we will use two different methods in Seé8tto define

) ) o ) the most suitable rigidity range for comparison and we will
Energetic charged particles propagating in the heliospherg,aon calculate the corresponding gradients.
are scattered by irregularities in the heliospheric magnetic

field, undergo gradient and curvature drifts, convection and
2 Instrumentation

Correspondence td\. De Simone The observations presented here were made with the Cos-
BY

(desimone@romaz.infn.it) mic and Solar Particle Investigation (COSPIN) Kiel Electron
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Telescope (KET) aboard UlysseSihpson et a).1992 be-

tween 1.4 and 5 AU and PAMELA apparati®idozza eta).  Fig. 2: Energy dependent geometric factor of one of the KET

2007 in low Earth orbit. proton channelsGieseler et a).2010. The inset shows a
sketch of the KET (fronSimpson et a).1992.

2.1 The out-of-ecliptic Ulysses mission

The main scientific goal of the joint ESA-NASA Ulysses energy range from 3 MeV to some GeV. For a complete de-
deep-space mission was to make the first-ever measuremergsription of the KET instrument se&impson et al(1992.

of the unexplored region of space above the solar poles. The&Jsing a GEANT-3 simulation of the Kiel Electron Telescope
GCR intensity measured along the Ulysses orbit results fron{Gieseler et a).2010), its geometrical factor for different en-

a combination of temporal and spatial variations. Ulyssesergy ranges can be determined. As an example, the energy
was launched first towards Jupiter. Following the fly-by of dependent response of the channel between 500 MeV and
Jupiter in February 1992, the spacecraft has been traveling in400 MeV is displayed in FigR2 (the inset displays a sketch
an elliptical, Sun-focused orbit inclined at 80.2 degrees to theof the sensor). It is important to note that in the energy range
solar equator. The characteristics of the Ulysses trajectoryf interest both forward and backward penetrating particles
after January 2006, during the declining phase of solar cy-contribute to the measurements.

cle 23, are displayed in the lower panel of Flg.The upper

panel of that figure shows the sunspot number (black curvef.3 The PAMELA detector

and tilt angle (red curve), respectively, indicating a period of ) ) _ o

several years of very low solar activity. Marked by shading PAMELA is designed to perform high-precision spectral
are two periods after the launch of the PAMELA spacecraftmeasurement pf_ charged parncles of galactic, heliospheric
in October 2006 and July 2008 when Ulysses was at abound trapped origin over a wide energy. _
3.5AU and 50. The polar passes are defined to be those PAMELA was mounted on the Resurs DK1 satellite
periods during which the spacecraft is above 70 degrees hdaunched on an elliptical and semi-polar orbit, with an al-
liographic latitude in either hemisphere. Beginning of 2007, titude varying between 350 km and 600 km, at an inclination
the spacecraft reached a maximum southern latitudesaitgo ©f 70°. At high latitudes, the low geomagnetic cutoff allows

a distance of 2.3 AU. The spacecraft then performed a wholdOW-energy particles (down to 50 MeV) to be detected and
latitude scan of 16@ithin 11 months. On 30 June 2009, at Studied. _ _

the minimum of the solar cycle, Ulysses was switched off on  The apparatus comprises a number of high performance
its way returning towards the heliographic equator at a radiad€tectors, capable of identifying particles through the de-

distance of 5.3 AU. termination of chargeZ), rigidity (R = pc/|Zle, p being
the momentum of a particle of chardge- e¢) and velocity
2.2 Ulysses Kiel electron telescope (B=wv/c) over a wide energy range. The device is built

around a permanent magnet with a six-plane double-sided
The KET measures protons awdparticles in the energy silicon micro-strip tracker, providing absolute charge infor-
range from 6 MeV/n to above 2 GeV/n, and electrons in themation and track-deflectiom & +1/R, with the sign de-
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pending on the sign of the charge derived from the curva-

. . . . L2 Proton flux 2006 / Proton flux 2008
ture direction) information. A scintillator system, composed R

of three double layers of scintillators (S1, S2, S3), provides 1; — PAMELA

the trigger, a time-of-flight measurement and an additional 0.95 f e KET subchan
estimation of absolute charge. A silicon-tungsten imaging :

calorimeter, a bottom scintillator (S4) and a neutron detector | _+—~—+_°_-
are used to perform lepton-hadron discrimination. An anti- 0-85 g Ly

4
+

coincidence system is used off-line to reject spurious events g g}

e

generated by particles interacting in the apparatus. A more ; T
detailed description of PAMELA and the analysis methodol- 0.75 E +k++
ogy can be found ilCasolino et al(2008. 0.7 ;+++

0.65 &

_ 08 1 12 14 16 18 2 22 24
3 Data analysis Rigidity (GV)

For our analysis we assume that in the inner solar systenfrig. 3: Rigidity dependence of the rate of increase as de-
the variation of the cosmic ray flux is separable in time fined in Eq. B). In black the ratio between the PAMELA
and spaceNlcDonald et al. 1997h. Let Jy(R,t,r,6) and  differential flux intensities in 2006 and in 2008 as a func-
Je(R,t,rg,0p) be the flux intensities at rigidityR and  tion of the rigidity measured by the spectrometer. The same
time ¢ averaged over one solar rotation and measured byatio is indicated by the red symbol for the KET channels,
Ulysses KET along its orbit and PAMELA at Earth, respec- obtained using Eq.6), the simulated response function and

tively. Then: the shape of the differential flux measured by PAMELA. The
Jo(Rot.r.0) = Jp(R1.r5.08) - [ (R, Ar, AD) (1) ZEaleZ?:nnel at rigidity~ 1.7 GV has been selected for this

where f (R, Ar, Af) is a function of the rigidityR and of
the heliospheric radialAr) and latitudinal @) distances
between the two spacecraft. The radial distafcas deter- We will now discuss a method that takes advantage of
mined by: the high rigidity resolution € 5% in the region of interest)
provided by the PAMELA magnetic spectromet&idozza
et al, 2007, and we will use it as a calibration tool to find

Although Heber et al(1996) and Simpson et al(1996 the KET channels that show a mean rigidity in good agree-
found a small asymmetry of the GCR flux with respect to ment with PAMELA.
the heliographic equator, we assume that the proton inten- Let #; be a time for which KET is in the southern hemi-
sity is symmetric. Thus, the latitudinal distanté@ is deter-  sphere at a radial distaneg and at a latitud®,, andz,, r,
mined by: 62 the respective for the northern hemisphere (see periods in
A0 = |0y |—10%]. 3) Fig. 1). By choosingr; andr, so thatry =~ r; and6; = 62,

and considering that, consequentiiy\(R, Ar, A6) is approx-

In both formulasU and E indicate the spatial positions of imately the same ai andr, it follows that:
Ulysses and Earth, respectively.

Assuming that latitudinal and radial variations are separa-/ (R.11.71.01) _ J(R.11.rE.0F) _
ble and that the variation in(see Eq.2)) and6 (see Eq.3)) J(R,12,12,02)  J(R,12,rg,0E)
can be approximated by an exponential law, Hj.dan be KET PAMELA
rewritten as:

Ar=ry—rg. (2)

®)

In this way the effect of spatial gradients cancels out and
Ju(R,t,r,0)=Jp(R,t,rg,0F) eXp(G, - Ar) exp(Gg - Af)(4)  the flux variation between tima and timer, measured by
P : KET (left side of Eq. b)) can be compared with the flux vari-
where, G, and Gy are the rigidity dependenCmmings ) : .
et al, 1987 Fujii and McDonald 1999 Heber et al. 19963 ~ &tion measured at Earth by PAMELA (right side of Eg)(

McDonald et al, 1997a McKibben, 1989 radial and latitu-  SiNCe the temporal recovery is rigidity dependent, the same
dinal gradients, respectively. flux variation can only be obtained if the mean rigidity of the

KET channel is the same as the one by PAMELA. This is il-
3.1 Determination of the mean rigidity through lustrated in Fig3: first we determined the proton intensities
temporal variation in the time intervals from 10 July 2006 to 7 November 2006
(t1) and from 24 May 2008 to 21 September 2088, (when
In order to use Eqg4) to estimate the gradients, we need to Ulysses was at nearly the same latitude and radial distance to
define the rigiditiesR for the comparison, taking into account the Sun. No ad hoc corrections are applied to the KET data.
the rigidity dependent geometric factor of the KET channel. The black and red symbols correspond to the intensity ratios
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Fig. 4: Ulysses heliographic latitude as a function of radial Fig. 5: 54-day averaged intensities (arbitrary units)~of
distance. Three different phases in the trajectory have beemn.7 GV protons as measured by the KET instrument aboard
marked by different colors: Red indicates the fast latitudeUlysses (red curve) and by PAMELA (black curve). The two
scan, and green and blue the slow ascent and descent in th@rves are scaled to match at the time of Ulysses’ closest ap-
southern and northern hemisphere, respectively. The Earth isroach to Earth in August 2007.
located between 0.98 and 1.02 AU and betweéfi and 7
with respect to the heliographic equator.
— Alternatively (nethod b, we can also find the PAMELA

) ) rigidity interval for the comparison as the range where
between the 2006 and 2008 period using the PAMELA and  ata from both spacecraft show a compatible variation
KET measurements, respectively, as a function of particle 2006/2008. The value found for the KET channel un-
rigidity. The PAMELA observation confirms the expectation der discussion i€1.68+0.10) GV, consistent with the

that the higher the rigidity the smaller the increase in time. previous one. Both intervals will be considered in the
The mean rigidity of a KET chann¢R)kgT, can be ob- following.
tained in two ways:

— As afirst approachnfethod 3, we make use of the KET 3 5 calculation of the spatial gradients

geometrical facto6 FkgT (R), as calculated iGieseler

etal.(2010, and derive: The orbits of Ulysses and the Earth are known and provide

the heliospheric radialXr) and latitudinal A6) distances

JdR Jpam(R.1) - GFKET(R) - R (6)  between Ulysses and PAMELA. In Fig, Ulysses latitude

JdR Jpam(R,1) - GFKET(R) is shown as a function of radial distance: in red the fast lati-
where Jpani(R.1) is the differential flux measured by tude.scan of .Ullyss_es going from the southern to the northern
PAMELA at the rigidity R and times. We define the hemisphere is |nd|f:ated. Green and blue mark the s!ow as-
cent and descent in the southern and northern hemisphere,

(R)KET (1) =

mean rigidity of the KET points of Fig3 and calcu-

late the associated uncertainties, taking into account th&eSPectively. _ _
variation of the proton flux due to the solar modulation, ' order to calculate the spatial gradients, E4).¢an be
as follows: written in the form:

Ju
(RKET =3 ‘<R>KET (f1)+(R>KET(12)‘ '09<J_E> =Gr-Ar+Gg-A0

J
Iog(—U) JAF =G, +Gg-AO/Ar
JE S——

8 TRIKET = | (RiceT (1) — (Rket (12| -
=X

From the plot it follows that for most of the KET chan- =Y

nels we get a reasonable agreement with PAMELA, in- ¥ =G, +Go-X )
dicating that both instruments respond to temporal vari-where x := A6/Ar and Y :=log(Jy /Jg)/Ar. If G, and
ation of the same particle population. Gy were independent of time and space, their values would
However, the best agreement is found at a mean rigiditybe simply given by the offset and the slope of a straight line.
of (1.734+0.02) GV, according to the integral average in Itisimportant to recall that Eq7} holds only if the data from
Eq. 6). KET and PAMELA refer to the same rigidity.
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Fig. 6: Left: Ulysses {y) and PAMELA (Jg) intensity ratio as a function of time. PAMELA intensities have been calculated
by using the measured intensity spectrum at Earth folded with the simulated response function of KET @ead-itescribed

in Eg. 8). The right panel displays the 54-day averadeds a function ofX. The black line represents the result of a linear
fit with a radial and latitudinal gradient @, = (2.7+ 0.2)%/AU and Gy = (—0.0244+ 0.005%/degree, respectively. As in
Fig. 4, the three different phases in the trajectory have been marked by different colors.

While during the fast latitude scanvaries strongly within The intensity time profile ratia/y/Jg is displayed in
a 54-day averaging period, it is well defined during the slowFig. 6 left, while Y as a function ofX, as determined by
descent and ascent period. We will make use of these colorkq. (7), is displayed on the right. Accordingly to Fid,
in order to check our results for consistency in the northernthe three different phases in the trajectory segments have
and southern hemisphere, which would be reflected irfthe been marked by different colors. The black line through the
versusX plot. data points represents the linear fit which gives the latitudi-
In the following we will determine the paramete®s and nal gradieniGy as the slope and the radial gradiénhtas the
Gy comparing the given KET channel with the PAMELA intercept with the Y-axis. The iterative algorithm (see Ap-
data selected using the two alternative methods described ipendixA) converges after four iteration steps, as shown by
Sect.3.1 In order to minimize the uncertainties in the esti- Fig. 10, independently of the starting conditions, indicating
mation of the flux intensities of the KET instrument, poten- the robustness of our method.
tially connected to the absolute determination of the geomet- The results are:
rical factor, we adopt a normalization of the time profiles at G, = (2.740.2) %/AU

the closest approach of Ulysses to Earth, in August 2007. For_," — o 9)
this purpose, an iterative method has been applied, that wiIIGe =(—0.024+0.005 %/degree .

be described in detail in Appendix. Method b)

Method a)

The gradients can also be determined without considering
the simulated response function of KET. As discussed in
Sect.3.1and shown in Fig3, the intensity of the PAMELA
proton flux in the rigidity rangg1.68+0.10) GV has the
same temporal increase as the KET channel under analysis.

Te(t) /dR Jpam(R.1) - GFKET(R), @) 5122$§(;22?SEAMELA protons in this rigidity range, we get

The intensity time profile at Earthjg(¢), is calculated by
weighting the measured PAMELA energy spectra with the
response function of the KET channel as displayed in Eig.

where Jpam (R, 1) ig .the differential in.tensity megsureq by G, = (2.6+0.3) %/AU

PAMELA at the rigidity R and at the time. The time his- . _ (_0023.+ 0,008 %/degree . (10)

tory of both the KET and the weighted PAMELA channel

are shown in Fig5. Although in 2007 and 2008 the low- These values are consistent with the valuemethod a)

est sunspot numbers have been obtained since the beginnimgdicating that the simulated response function of the KET
of space age, the cosmic ray flux in the rigidity range belowchannel leads to systematic uncertainties smaller than the es-
2.5GV has not recoverettéber et al.2009. timated errors on the gradients.
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-0.08- f
010 The Ulysses mission has contributed significantly to the un-
1 12 14 16 1.8 2

PAMELA R%g,zidity ?(';‘t,) derstanding of the major cosmic ray observations in the in-

ner heliosphere and at high heliolatitudes. The first ma-
Fig. 7: x2 quality parameter (top panel) of the fitof E@) o jor challenge was that the latitudinal gradients for cosmic
the data, radial (middle panel) and latitudinal gradient (bot-ray protons at all energies, but especially at low energies
tom panel), as a function of PAMELA rigidityR. A min- (< 100 MeV), were observed significantly smaller than pre-
imum of x2 is present in the rigidity interval betweeti= dicted by drift models for am < 0-solar magnetic epoch. It
1.54 GV andR = 1.72 GV. While the value of the radial gra- became quickly evident that this was due to the overestima-
dient is nearly independent of the rigidity interval, the latitu- tion of drifts in the polar regions of the heliosphere and to a
dinal gradient is varying from 0%/degree+®.06%/degree.  too simple geometry for the heliospheric magnetic field. The
Marked by shading are the results for the radial and latitu-extension of the mission and the launch of the PAMELA de-
dinal gradient as described in the previous section, showtector in 2006 allowed to perform the comparative analysis
ing a good agreement between the two methods describeidlustrated in this work and to determine the radial and latitu-
in Sect.3.2 See text for more details. dinal gradient during ard < 0-solar magnetic epoch.

The analysis has been proven to be robust in several ways:
1) the rate of increase from 2006 to 2008, determined by
the KET and the PAMELA instrument independently, agrees
very well at the considered rigidity; 2) by varying the mean
) _ rigidity between 1.0 GV and 2.5 GV, the best representation
In Wh_at fol!ows, we v:_allldate thg robustness of the analys_lsof the spatial variation leads to the smalle& if a mean
described in the previous section: we calculate the Spat'ahgidity about 1.7 GV is chosen; 3) both the radial and latitu-

gradients by using the measurements by the PAMELA de-jina| gradient do not strongly vary with the mean rigidity in
tector in several small rigidity bins. The quality of the best e interval of interest.

3.2.1 Thex2-minimization

fitis expected to vary with rigidity. As ‘_jiSCUSS?g in Set, Thanks to the large geometric factor and high precision
Eq. @) is expected to correctly describe thé only at  measurements of the PAMELA instrument, we could show
the right mean rigidityR. here that:

Figure 7, top panel, shows that an absolute minimum is
present in theg 2-distribution around I GV, consistent with
the previous estimations. The values for the radial gradients

(middle panel) and latitudinal gradients (bottom panel) areherefore we conclude that the simulated response function

also compatible with the values in E) ((green area) and g reliable and the results afiethod aran be taken:
Eq. 10) (red area). Furthermore, around the minimum the

values of the gradients do not significantly change for small 2. the radial gradient during the 20004-solar magnetic
variations in the estimated mean rigidity. epoch is (2.7 0.2)%/AU

1. the mean rigidity comes to be@l— 1.8 GV indepen-
dently of the method chosen,

Astrophys. Space Sci. Trans., 7, 4284, 2011 www.astrophys-space-sci-trans.net/7/425/2011/
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Table 1: The first four rows report the values of the gradients
obtained by selecting different time periods. The last row

reports the mean and standard deviation of the distribution of
values obtained by randomly selecting 1ines a subsample

of 20 points out the full data set of 32 points.
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Latitudinal Gradient (% /degree)

)
Rigidity (GV)

Fig. 9: Computed latitudinal gradients for protons during the

pastA < 0-solar minimum and the prediction for the current
A < 0-solar minimum (sePotgieter et a)2001). Marked by

red point is the latitudinal gradient found in this study.

3. the latitudinal gradient during the same period is only
(-0.024+ 0.005)%/degree.

Data set Gr(%/ AU)  Gg(%/deg) x?2/ndf
All data 267+£0.21 —0.0261+0.006 198
South pole 310+0.38 —0.039+0.011 332
(green)

Fast latitude P1+1.18 —0.026+0.016 252
scan (red)

North pole 253+0.36 —0.022+0.017 104
(blue)

Statistical sub- 5+0.3 —0.025+0.006

sampling

(20 points over 32)

Although the absolute error of the uncertainty for the
latitudinal gradients looks very small, it is about 20% of

the observed value. However, the data are not statistically Figure 9 from Potgieter et al(200]) displays the calcu-

consistent with a null latitudinal gradient. Applying Stu-
dent’s t-test Eadie et al. 197]) to the data, the hypothe-
sis of a null latitudinal gradient is rejected at 99.6% C.L.
The gradients lie within the following 95% C.L. inter-
vals: Gy = (—0.0255+0.0182%/degree and;, = (—2.68+
0.42)%/AU. In Fig. 8 we additionally report the¢? value
of the fit obtained by changing a fixed value of the latitudi-
nal gradient: as expected, the best fit minimizes tReat
Gy ~ —0.024%/degree.

In order to estimate the impact of varying solar activity we
fitted function in Eq. 7) to the ratios using the period for the

lated rigidity dependence of the non-local latitudinal gradi-
ent. The parameters for this calculations are optimized to
reproduce the measurements frétaber et al.(19960 for

the fast latitude scan in 1994 to 1995 duringA4r: 0-solar
magnetic epoch (see alBairger et al.2000. The prediction
shown by the lower curve for thé < 0-magnetic epoch are
based on the same set of parameters but opposite magnetic
field polarity. In contrast to their calculations, the absolute
value of the latitudinal gradient found is much lower. There
are several processes which may account for the observed
discrepancy:

slow ascend south, the fast latitude scan and the slow descend

north, separately. The values are summarized in Thhied
vary between 5%/AU and 31%/AU and—0.022%/degree
and —0.039%/degree, indicating a trend with solar activ-
ity cycle to become smaller for solar minimum. However,
since the deviation from the mean value o7%/AU and
—0.026%/degree is smaller than one sigma, we randomly

— The measured solar wind parameters, wind pressure and
magnetic field strength are much lower than in the pre-
vious solar cycle ficComas et a).2008 Smith and
Balogh 2008. Thus the size of the modulation volume
as well as the diffusion tensor will be different (efger-
reira et al, 2003

chose 20 points out of the full data set of 32 points and cal-

culated the gradients for this subseP 1ines. The mean of
all these values is given in the lowest row.

Our analysis clearly reveals that for the period from 2006
to 2009, close to solar minimum in ah< 0-solar magnetic
epoch,

1. the radial gradient is positive as expected. However, it is
smaller than previously reported values (&4gDonald
etal, 19973.

. the latitudinal gradient is negative and much smaller
than the ones observed in the previeus 0-solar mag-
netic epoch Cummings et a).198% McDonald et al.
19973.
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— As stated inPotgieter et al(2007), drift effects depend
on the maximum latitudinal extent of the heliospheric
current sheet (tilt angle). Although the magnetic field
strength was much lower than in the previous solar mag-
netic minima, the tilt angle was much higher (e-gber
et al, 2009.

The diffusion coefficients may depend on the helio-
spheric magnetic field polarity=érreira and Potgieter
2004).

In order to contribute to our understanding on how the Sun
is modulating the galactic cosmic ray flux and especially to
support theoretical studies of the propagation parameters in
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Fig. 10: Radial and latitudinal gradients as well as the normalized intensity ratio at the closest approach as a function of the
number of iteration. When the radial and the latitudinal gradients change less.@@3%@from one step to the next we stop
the procedure. The minimization is perfomed using the code MINU&Mmes and Rop4975.

the inner heliosphereShalchi et al. 201Q Minnie et al, intensities as a function of time has been calculated by using
2007 Burger et al. 2000, detailed calculations and further different radial and latitudinal gradients (see E&L)). The
analysis of the Ulysses and PAMELA data are necessarycorresponding values fdf are calculated by using Eqr)(
From the latter we will obtain the radial and latitudinal gradi- By fitting Eq. (7) to the data, a new latitudinal gradis@lg as
ent at other rigidities between several 100 MV and a few GV.the slope and the radial gradie@f as the intercept with the
X-axis are found.

Figurel0displays in the two left panels the radial and lat-
itudinal gradients as a function of iteration steps. As starting

In the following we will describe the iterative method that fonditions we took two physical and two non-physical ex-
reme cases:

allows us to mininimize the uncertainties in the estimation
of the ratioJy/Jg due to the systematic in our knowledge 1 A |arge radial and negative latitudinal gradient (red
of Jy. This is necessary for the measurement of the spatial curve). This case would have been the one expected

gradientsG, and Gy according to Eq. 7). We will show for the current A<O-solar magnetic epoctCmmings
this method as applied to the rigidity range defined for the et al, 1987 McDonald et al, 19973.

method a)

Appendix A

We start with arbitrary spatial gradien@=C and G5=° 2. A small radial but a positive latitudinal gradient (blue
(wherek is the iteration step index) chosen in the range of curve). This case would be the one expected foAan
findings in the 1980s and 1990s€ber et al.2008 Fujii and 0-solar magnetic epocliéber et al.2008.

McDonald 1999. We use them to determine a normalization

that is for each step defined by: 3. A large radial and positive latitudinal gradient (black

1 curve).
v ooexp(GELAr -exp(G - -Aér) . _ o _
Ju = (e ) i’ : , (A1) 4. A small radial and negative latitudinal gradient (ma-
Teln - = n genta curve).

with n =27 the number of days in the normalization interval The iterations stop when the gradients become stable within

N, in August 2007 Ar; and A¢; the according daily values 0.002% from one step to the next. The minimization is per-
of the trajectory data. By using this in EQ)(we derive suc- fomed using the code MINUITJames and Rop&975.
cessive approximations of the spatial gradients. After a few
iterations, this method converges and delivers the final noracknowledgementsThe ULYSSES/KET project is supported un-
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