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RESUMEN

Este trabajo analiza las observaciones del Voyager 2 en noviembre de 2018 y las compara con lo de-
tectado por el Voyager 1 en las proximidades de la heliopausa en julio-agosto de 2012. Describimos
las variaciones del plasma y los rayos césmicos a la distancia radial de = 1 unidad astronémica (AU)
de la heliopausa. Usamos un modelo simple de modulacién de los rayos cédsmicos por conveccién-
difusién para explicar cualitativamente las observaciones de particulas. Encontramos una capa delga-
da, con un espesor de 0.04 AU en la cual desaparece la componente radial de la velocidad del viento
solar, la intensidad de los rayos césmicos galdcticos aumenta rdpidamente para alcanzar su nivel en
la frontera de la heliosfera, y disminuye la intensidad de los iones heliostéricos de baja energfa. Lla-
mamos a esta capa la “piel de la heliosfera”. Los datos de plasma sugieren que el Voyager 2 cruzé la
heliopausa el 5 de noviembre de 2018, a la distancia radial de 119.03 AU. Aplicamos nuestro andlisis
a las observaciones del Voyager 1 y concluimos que un comportamiento similar en la velocidad del
viento solar podria cualitativamente explicar la intensidad observada de los rayos césmicos galdcticos
y que la “piel de la heliosfera” puede ser una caracteristica global a lo largo de la heliopausa.

PaLaBrAS CLAVE: Sol, heliosfera, heliopausa, viento solar y rayos césmicos.

ABSTRACT

This work analyzes Voyager 2 observations on November 2018 and compares them with Voyager 1
data at the vicinity of the heliopause in July-August 2012. We describe the plasma and cosmic-ray
variations at the radial distance of = 1 astronomical unit (AU) from the heliopause. We use a simple
convection-diffusion cosmic-ray modulation model to qualitatively explain the particle observations.
We found a thin layer, with a thickness of =~ 0.04 AU where the radial component of the solar wind
speed vanished, the galactic cosmic ray intensity rapidly increased to reach its heliosphere bound-
ary level, and low-energy heliospheric ion intensity drooped. We called this layer the “skin of the
heliosphere”. Plasma data suggest that Voyager 2 crossed the heliopause on November 5, 2018, at
the radial distance of 119.03 AU. We apply our analysis to Voyager 1 observations and conclude that
similar behavior in solar wind speed could qualitatively explain the GCR counting rate and that the
“skin of the heliosphere” maybe a global characteristic along the heliopause.
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INTRODUCTION

On July 28, 2012, at the distance of 121.33 AU, and after traveling for 35 years, Voyager 1 crossed
the heliopause, the boundary of our solar system, and entered the interstellar space (Burlaga & Ness
2014). Since then, the onboard detectors have been recording magnetic field, particle and wave data
from the interstellar medium. Because of the plasma instrument onboard Voyager 1 is off from early
2007, there is not any observation on solar wind velocity in the vicinity of the heliopause.

Krimigis ez a/. (2011) calculated the anisotropies of low-energy particles observed by Voyager 1 in
the heliosheath. From their results, these authors predicted that the spacecraft entered into a transi-
tion layer at the distance of = 113 AU, where the radial component of the solar wind speed (VR)
went down to zero, meaning that about 8 AU inside the heliosheath from the heliopause, the solar
wind plasma became azimuthal. At the same time, the cosmic-ray instrument did not observe any
abrupt change in the high-energy galactic cosmic-ray intensity (see for instance Webber ez al. 2012;
Burlaga & Ness 2014), which means that radial inward diffusion and outward convection processes
were unaffected by the new solar wind conditions in the transition layer. Only a few days before
Voyager 1 crossed the heliopause, galactic cosmic-ray intensity showed an abrupt increase to reach
its heliosphere boundary value.

Cosmic Ray Subsystem (CRS) onboard Voyager 1 started to observe large increases in GCRs and
significant decreases in low-energy heliospheric ions in July—August 2012 (Stone ez a/. 2013). Figure
1 shows (in red) these particles observations, shifted in time by six years and 99 days for easier com-
parison with Voyager 2 observations in 2018. The overall picture is that when Voyager 1 approached
to the heliopause the radial intensity gradient for GCRs and heliospheric ions changed, and after
the heliopause crossing (HPX) it eventually reached the interstellar level. Base on CRS observations,
these authors concluded that the HPX for Voyager 1 was on August 25, 2012 (day 238). Before that
day, GCR intensity had two temporary increases, that were simultaneous with decreases of low-en-
ergy ions. However, the analysis of magnetic field data made by Burlaga & Ness (2014) showed that
from about a month early (July 28, day 210) Voyager 1 started to observe the interstellar magnetic
field. These authors concluded that on the day 210, V1 crossed a current sheet having the structure
of a tangential discontinuity. This current sheet (CS0) is represented in Figure 1 by the solid red
vertical line. According to these authors, Voyager 1 observed a sector boundary before CSO (shown
by the second right dash line in panel A and B, called SB-1), where the magnetic field azimuthal
angle change from “away” to “toward” polarity. At CSO the azimuthal angle changed from “toward”
to “away” polarity. The first right dash line was identified by Burlaga & Ness (2014) as a beginning of
the first of two step increases in GCR intensity observed by Voyager 1 in 2012. The last five vertical
lines after CSO represent five particle boundaries, none of then associated with magnetic field polar-
ity change. The final particle boundary occurred on August 25. Magnetic field observations after
the first GCR step increase did not allow these authors to conclude about the nature of this region
(heliosheath or interstellar origin). Their conclusion that Voyager 1 has been detecting the magnetic
field of interstellar origin from CSO crossing, is supported by the fact that magnetic field polarity has
not changed since then.

Burlaga & Ness (2014) also pointed out that the two temporal changes in galactic and heliospheric
particles could be explained if we assume that in this region (after CS0) there were heliospheric tube
flux connected to the interstellar medium as proposed by Opher & Drake (2013) and heliosheath
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particles may enter this tube and restore the intensity of low-energy ions. Following the results of
Burlaga & Ness (2014), in this work, we will consider that the heliopause crossing was on July 28,
2012. Our qualitative analysis will not be affected by this assumption.

Observations made by plasma and cosmic-ray instruments on board Voyager 2 indicated that this
spacecraft crossed the heliopause at the distance of ~ 119 AU. Figure 1 shows Voyager 2 plasma
observations (in blue): plasma density (panel D) and the radial component of the solar wind speed
(panel C) from day 100 to day 309 of 2018. These data reveal, for the first time in the space era, the
plasma parameters at the heliopause, on November 5, 2018 (day 309). In the interval of five days
(from November 1 to November 5) plasma density jumped from about 0.002 cm™ to 0.0093 cm™
(4.65 times), and the radial component of solar speed went from about 74 km/s to zero. Since then,
plasma data disappeared from the three sunward pointed detectors. This fact is a clear indication that
the Voyager 2 crossed the heliopause and entered the new region in front of the heliosphere. During
these five days, the cosmic-ray detector on Voyager 2 observed that the counting rate of > 70 MeV
galactic protons (panel A) showed a very high gradient of about 100%/AU, and the counting rate
of low-energy heliospheric ions (panel B) started dropped to a level below the detector background.

These simultaneous observations of plasma and galactic cosmic rays indicate that once VR went
to zero, meaning that radial convection and radial diffusion are also zero, the solar modulation of
cosmic rays vanished. Therefore, just in this thin layer of the heliosphere (we call it “skin of the he-
liosphere”) with a thickness of about 0.04 AU, the cosmic-ray intensity must increase to reach its
value at the heliopause. This work aims to show a simple qualitatively explanation of the Voyager
2 observations in the vicinity of the heliopause and show a possible scenario for radial solar wind
profile when Voyager 1 crossed the heliopause in 2012.

Cosmic-RAY MODULATION IN THE VICINITY OF THE HELIOPAUSE

The cosmic-ray transport equation was first derived by Parker (1965), and the details of this and
subsequent derivations, and its various solutions were reviewed by Moraal (2013). The lowest- order
approximation is the so-called Convection-Diffusion formalism (CD) which assumes spherical sym-
metry of the heliosphere, ignores adiabatic energy changes and assumes a steady-state, so that the
transport equation, for the omnidirectional distribution function, f(r, p) is reduced to:

Vf-kdfldr=0, (1)
where 7 is the radial position, p is the particle momentum (energy), V'is the radial solar wind speed,
and xis the diffusion coefficient.

The CD model is a good approximation of the transport equation for high-energy cosmic rays and
close to the modulation boundary (see for instance Caballero-Lopez & Moraal 2004). The reason is:

1) energy change is an accumulative modulation effect, and therefore it is bigger in the inner than
in the outer heliosphere), 2) high-energy particles are less affected by energy changes and 3) in the
outer heliosphere drift in the radial direction plays little role. CD model is also the simplest model
for solar modulation.

The solution of the Eq. 1 is

f=foe, 2)
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Figure 1. Voyager 1 (in red) and Voyager 2 (in blue) observations. We show daily averages of (A) counting rate for
high-energy GCRs, (B) low-energy ions, (C) V2 radial component of the solar wind speed, and (D) V2 plasma density.
Vertical red lines are from Burlaga & Ness (2014) (see text for explanation). The blue rectangular band shows the region
where the radial component of the solar wind speed abruptly dropped, and the plasma density rapidly increased, ending
on November 5, 2018 (day 309). This behavior on radial speed and plasma density is an indication of the Heliopause
crossing. Since then, Voyager 2 is outside of the Heliosphere
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where M = f "t % , and fb is the local interstellar spectrum (LIS) at the outer boundary, 7, of

the heliosphere i{heliopause).

The modulation parameter M describes the level of reduction of cosmic-ray intensity from the LIS
value (M = 0 at the heliopause). In this model, if the radial component of the solar wind speed is
zero, M vanishes, and therefore the intensity reaches its interstellar value. However, the quantity that
determines the modulation parameter is the ratio V/&; and it is challenging to know which is the
appropriate value for the diffusion coefficient, from the available observations. For our analysis, we
consider the diffusion coefficient in the form & = BPKk (r) (P is the particle rigidity, B the ratio of
particle velocity to the spped of light). We point out that we will only use this model to qualitatively
describe the last months of Voyager observations inside the heliosphere (about 1 AU from the helio-
pause, see Table 1). In this region, the radial transport of the galactic cosmic rays plays the relevant
role on the intensity variations observed by the spacecraft. We must notice that the cosmic rays in
this layer have just entered the overall modulation region.

Finally, in our analysis, we use the interstellar spectrum observed by Voyager 1 and described in Vos
& Potgieter (2015). For our study, this spectrum is sufficient because we are looking at the qualita-
tive picture of the cosmic-ray modulation in the thin region close to the heliopause.

REesuLts AND DiscussioN

In Figure 2 we present the results of our analysis for Voyager 2 observations. From = 118 AU, VR
(blue line in bottom panel) started to decrease at approximately a constant rate from 75 km/s to 60
km/s at ~ 118.3 AU, and kept this value for 2.5 months until V2 reached the distance of 118.99 AU,
where VR dropped to zero on the day 309 of 2018 (November 5) at 119.03 AU. On the other hand,
cosmic-ray detector observed an increase in the intensity gradient of the > 70 MeV protons from
118 AU (= 3%/AU), when VR was decreasing from 75 to 60 km/s (see top panel of Figure 2). At
about 118.34 AU, the cosmic-ray intensity gradient increased at a constant rate of ~ 22%/AU until
the day 305 at the radial distance of 118.99 AU. When VR abruptly went to zero in the next five
days, the intensity rapidly increased by ~ 100%/AU. Although this happened in a very short radial
distance, this gradient of GCR is much larger than those previously observed by Voyager 1&2 in the
heliosheath (see for instance Webber ez 2/. 2012).

To apply the CD model to these observations, we use a VR profile, shown in red (bottom panel of
Figure 2). Using Eq. 1, we compute the distribution function, /. Then, taking into account the rela-
tionship between fand the observed intensity (j) as j o P*f, we obtained the counting rate for GCR
protons, and therefore the radial intensity gradient is calculated by the expression:

gr = }%{ = %%f . The top panel of Figure 2 shows in blue the observed counting rate from CRS

onboard Voyager 2 and with red line the modulated rate as result of the convection-diffusion model,

using the diffusion coefficient shown in Table 1. As we can see, the diffusion coefficient, needed to
fit the observed rate, is decreasing toward the heliopause, having its smaller value in a thin layer at
the heliopause; and therefore the radial gradient of GCRs entering the heliosphere decreases from
the heliopause in agreement to the observations. We must mention that this is a qualitative analy-
sis, and therefore it gives us a possible explanation for the observed quantity. In particular, we are
very interested in point out the existence of the “skin of the heliosphere”, with a thickness of about
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0.04 AU, that clear appears just five days before Voyager 2 crossed the heliopause. The CD model
properly reproduces the galactic counting rate through it. This layer is characterized by 1) the radial
component of the solar wind speed vanishes, 2) the GCR intensity rapidly increases with a gradi-
ent of about 100%/AU, and 3) the intensity of heliospheric low-energy ions starts the final rapidly
decrease to reach the interstellar level.

These Voyager 2 plasma observations motivated us to describe a possible scenario for solar wind
speed when Voyager 1 crossed the heliopause on July 28, 2012. Counting rate of GCR protons
observed by Voyager 1 shows the following features. 1) From day 100 (= 120.3 AU) to day 117 (=
120.44 AU) the radial gradient was ~ 6%/AU. 2) Then, when the first step increase began, the radial
gradient increased to = 23%/AU until it reached a plateau when Voyager 1 crossed the sector bound-
ary SB-1 on about the day 167 (= 120.93 AU). 3) From day 167 to day 206 (= 121.3 AU) the radial
gradient was small, » 2%/AU. And 4) in the next five days until Voyager 1 crossed the heliopause on
the day 210 (= 121.33 AU) the radial gradient jumped to ~ 93%/AU. These changes in the radial
gradient are the results of spatial variations in the magnetic turbulence that affect the diffusion of
cosmic rays. However, there is a lack in the understanding of the turbulence regime in this region of
the heliosphere. Despite the plateau region between SB-1 and CS0, the counting rate at V1 is similar
to that observed at V2 just before the HPX.

As we mentioned early, Voyager 1 plasma instrument was off at that time, so we did not have solar
wind speed data during the heliopause crossing. Decker ez al. (2012) estimated the radial component
of the solar wind from the analysis of the low-energy charged particle observations on board Voyager

1. According to Figure 3 (panel j) of that paper, VR at the beginning of 2012 is very low, about 10
km/s. We use this VR value and assume a similar radial dependence as for Voyager 2 to apply the CD
model to GCR rate at Voyager 1. This dependence of VR is shown in the bottom panel of Figure
3.The result is shown with a red line in the top panel of Figure 3. In bottom panel, we present the
radial solar wind speed profile, similar to that of Voyager 2 in Figure 2. For the CD model, the dif-
fusion coefficient has the same energy dependence, but its level is different, as suggested by different
radial gradient mentioned above. In Table 1 we can see that the diffusion coefficient applied to V1
observations follows the V2 diffusion coefficient radial dependence: increased from the heliopause
(except for the plateau region where perhaps the turbulence was very low). It is important to note
that, the diffusion coefficients used in this work depend on the assumptions of the radial component
of the solar wind, and therefore, they only give an indication of the relative level of the turbulence in
each region. The “skin of the heliosphere” at the Voyager 1 location was the same as that observed by
Voyager 2, about 0.03 AU. This “skin” is a remarkable picture of the heliosphere boundary.

Table 1. Diffusion coefficient, & (r), normalized to its value at the boundary:
K(r)y,=72x10%m’s-1GV 5 Kk (r), , = 2.7 x 10%em’s' GV

Voyager 2 Voyager 1
Day of Distance (AU) o/ ko(r,) Day of Distance (AU)  xo/xo(r,)
2018 2012
180-190 117.90-117.99 62.5 100-117 120.29-120.44 222.2
190-230 117.99-118.34 56.3 117-167 120.44-120.93 26.4
230-305 118.34-118.99 10.8 167-206 120.93-121.30 444 .4
305-309 118.99-119.03 1 206-210 121.30-121.33 1
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Figure 2. Voyager 2 observations in the vicinity to the heliopause. The top panel shows the daily average counting rate
for galactic cosmic-ray protons, > 70 MeV (in blue), red line is the result of the modulation, explained in the text. In the
bottom panel we present the radial component of the solar wind speed (in blue). The red line is a qualitative representa-
tion for speed.
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Figure 3. Voyager 1 observations close to the heliopause. Top panel: counting rate daily averages for galactic cosmic-ray
protons, > 70 MeV (in blue), the red line is the result of the modulation, explained in the text. The bottom panel shows
the assuming radial profile of the solar wind speed, similar to the observed at Voyager 2.
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CONCLUSIONS

This work presented the recent plasma and cosmic-ray observations made by Voyager 2 in the vicin-
ity of the heliopause. The simple convection-diffusion modulation model supported the analysis.
We propose the existence of a thin layer on the heliosphere boundary, called here “skin of the helio-
sphere”, with a thickness of about 0.04 AU. This “skin” has four features: 1) the radial component of
the solar wind speed vanishes, 2) rapidly increase in the plasma density, 3) rapidly increase in GCR
intensity to reach the outside spectrum, and 4) low-energy heliospheric ion intensity start to drop to
a very low level outside of the heliosphere.

Another important conclusion is that the observed “skin” during Voyager 2 heliopause crossing
could also be during Voyager 1 crossing in 2012. Therefore, it may be a global layer along the helio-
pause. The similarity in the observed galactic cosmic-ray intensity by Voyager 1&2 in the vicinity of
the heliopause, suggests that radial component of the solar wind speed was different from zero (but
very small, < 10 km/s) up to the Voyager 1 entered this “skin” just four days before the heliopause
crossing.

JDR is supported by NASA. We thank the Cosmic Ray Subsystem team (E. Stone, P1.) for provid-

ing data via their web site.
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