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Abstract

The Interstellar Boundary Explorer (IBEX) mission has shown that variations in the ENA flux from the outer heliosphere
are associated with the solar cycle and longer-term variations in the solar wind. In particular, there is a good correlation
between the dynamic pressure of the outbound solar wind and variations in the later-observed IBEX ENA flux. The time
difference between observations of the outbound solar wind and the heliospheric ENAs with which they correlate ranges from
approximately two to six years or more, depending on ENA energy and look direction. This time difference can be used as a
means of “sounding” the heliosheath, that is, finding the average distance to the ENA source region in a particular direction.
We apply this method to build a three-dimensional map of the heliosphere. We use IBEX ENA data collected over a complete
solar cycle, from 2009 through 2019, corrected for survival probability to the inner heliosphere. We divide the data into 56
“macro-pixels” covering the entire sky, and as each point in the sky is sampled once every six months, this gives us a time series
of 22 points per macro-pixel on which to time-correlate. Consistent with prior studies and heliospheric models, we find that
the shortest distance to the heliopause dgp is slightly south of the nose direction (dgp ~ 110 — 120 au), with a flaring toward
the flanks and poles (dgp ~ 160 — 180 au). The heliosphere extends at least “350 au tailward, which is the distance limit of the

technique.
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LOS-integrated Pressures centered at (0°, -45°)

Using the three different TS models, we determine the distances to the HP for the 56 macro-pixels using the IBEX separated GDF maps. Below are projections of a 3-D rendering of the
resulting HP shape for the case of the Zirnstein-Heerkihuisen TS model. The TS model is rendered in the interior of the HP, so that a sense of the thickness of the heliosheath is portrayed.
All three models give similar qualitative results, although there are differences when examined in detail (see Voyager comparison below).

The Interstellar Boundary Explorer (IBEX) mission has shown that variations in the ENA flux from the outer
heliosphere are associated with the solar cycle and longer-term variations in the SW. In particular, there is a good
correlation between the dynamic pressure of the outbound SW and variations in the later-observed /BEX ENA flux. The
time difference between observations of the outbound SW and the heliospheric ENAs with which they correlate ranges

To the left are shown partial- and total line-of-sight (LOS)-integrated plasma
pressures in the inner heliosheath versus traceback time. The partial LOS-
integrated pressures are derived from the ENA flux using the following
equation:
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collected over a complete solar cycle, from 2009 through 2019, corrected for survival probability to the inner 15

heliosphere. We divide the data into 56 “macro-pixels” covering the entire sky, and as each point in the sky is sampled
once every six months, this gives us a time series of 22 points per macro-pixel on which to time-correlate. Consistent

where jpna 1s the ENA flux for energy step i, y is the spectral index for the flux
between E; and E;;, m is the proton mass, ny is the interstellar neutral
hydrogen density, and 6(£) is the charge-exchange cross section.
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with prior s'tudi.es and heliospheric models, we find tha.t the shortest distance to the heliopause drp is slightly south of b4 [ In this example, the ENA data are taken from a “macro-pixel” centered at the 150 Direction of interstellar magnetic field
the.nose direction (dyp ~ 110 — 120.au), with a ﬂarmg t.oward t.he.ﬂanks and p.oles (dgp ~ 160 — 180 au). The A f\ /_/ ecliptic coordinate (0° lat, -45° long). The total LOS-integrated pressure (black Termination Shock* (Zirnstein et al. 2016)
heliosphere extends at least ~350 au tailward, which is the distance limit of the technique. 5 oo . g A3keV s curve, unscaled) in this direction is calculated from the partial pressures for the
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It 1s first necessary to remove the IBEX Ribbon from the sky maps to which we are applying the sounding method, as thickness. of nose due to magnetic field R
the GDF ENAs are formed in the inner heliosheath, which is the region responding most immediately to the SW A T pressure
dynarpic pressure chgnges, Whereqs the Ribbon is likely formed in the outer heliosheath. Because of the low statistics ~100 View lookin g from Nose
per pixel, previous Ribbon separation methods (e.g. Schwadron et al. 2018, Dayeh et al. 2019) use maps averaged over o Heliopause -~
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Comparison to Heliosphere Models

N
‘ How does the IBEX-based empirically determined heliosphere shape compare to theoretical models? Below we give a comparison. We again point out that in the downwind direction the
extent of the HP should be taken as a lower limit. The true distance to the HP could be much farther. That said, the ~200 au extent of the heliotail suggested by the “round heliosphere”
model of Dialynas et al. 1s not consistent with our observations. Furthermore, our observations do not support the large poleward extent of the HP suggested by the Opher et al. “croissant”
model. Thus, the Pogorelov et al. model 1s the most consistent with the IBEX observations.
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a representative skymap.

Zirnstein et al. (2018) used a heliosphere simulation to test the idea that one can accurately sound the distance to the
heliopause by correlating the observed solar wind dynamic pressure at 1 AU with the ENA flux observed years later. A
pressure disturbance is “propagated” through their model, and a simulated ENA flux is calculated. Employing the
method described below, the colored curves in the figure show the estimated location of the heliopause based on
observations of 1.11 keV ENAs (orange) and 4.29 keV ENAs (red). We see that in the noseward hemisphere, the HP Modeling of the Termination Shock
position is accurately determined for both energies. The boundary based on the 4.29 keV ENA is underestimated in the
tail direction because of the loss of heliosheath protons to charge exchange before they can propagate to the HP. Here,
we nevertheless apply the sounding method to the whole sky, understanding that in the downwind direction, any
resulting heliopause distances serve as lower limits. The true heliopause distance could be much further downstream.

Opher et al. ApJ 2015

Dialynas et al. Nature Astron. 2017

The pressure correlation method does not uniquely determine Termination shock derived from Voyager ACR observations Comparison to Voyager Crossings and Conclusions
both the TS distance and the heliopause distance. Since the TS
distance is perhaps better constrained by other methods, we use
various models for the shape of the TS and then evaluate the

distance to the heliopause using these TS distances. We have Intle::?tellar
nriow

Comparison of heliosheath boundary distances along the Voyager radials to the Voyager

crossing distances. For all models the HP distances are in agreement with the Voyager Conclusions
crossing distance, to within the estimated 10 au uncertainty of the sounding method in
these directions. Heliosheath thicknesses are also in reasonable agreement with the
observed thicknesses, with the exception of the 100 au TS model at V2.

The “traceback time” method: Given a solar wind disturbance propagating outward at the solar wind speed vgy, in a
particular latitude A and longitude b (as determined by IPS analysis), the time it takes for the effect of that disturbance
to be observed in the return ENA signal is estimated by:

*  With nearly a full solar cycle of IBEX observations, we have shown that the sounding
method can be effectively used to determine the shape of the heliosphere.

tried three models:

1. A uniform 100 AU radius TS model. This is chosen to
demonstrate that the HP distance variation is not driven by
the choice of TS model.

2. A TS shape derived from the MHD model of Zirnstein and //}
Heerikhuisen (the Z-H model). This model, although time- ‘ ///A

independent includes fast wind above |35°| latitude, and slow T

D 3T 1T D
tena(A, b) = TS 42 IHS 42 IHS + TS
Vsw(A,b)  2Vps 2Vgna  Vena

* Regardless of the TS model, the shape of the heliopause is consistent: It is compressed
southward of the nose, shows a distinct tail, and is deflected slightly southward in the
downwind direction. This is consistent with expectations for the shaping of the
heliosphere by the combined influence of the ISM direction and the LISMF direction.

Where D;s and T;ys are the (unknown) termination shock distance and inner heliosheath thickness, v, 1s the
magnetosonic speed (the speed at which a pressure disturbance propagates through the sub-sonic heliosheath, taken to

* When comparing to theoretical heliosphere models, the IBEX-derived shape is most

be 300 km/s), and vgy4 1s the speed at which ENAs of a given energy propagate back to IBEX. The first term on the wind below. It also assumes a constant SW dynamic pressure Actual 94 28 - 122 ” consistent with the “comet”-like description of Pogorelov et al. (2013).
rlght 1s the time it takes the solar wind to prgpagate to the .TS. OI}Iy after .the pressure wave propagates to the as a .funf:tlon of latitude, so it tums out that the shape of .the Voyaer 100 au TS 100 35 v 135 13 « In the Voyager 1 direction, the derived heliosheath thickness is somewhat thicker than the
heliopause and reflects can the plasma pressure in the IHS readjust to its new, higher, level. Thus, the second term on TS 1s insensitive to the choice of the slow/fast wind - - - 1

1 7-H model 91 10 12 131 9 thicknesses of 28 AU observed by V1, but only by ~10 au, which is within the

the right approximately accounts for the time it takes the pressure wave to travel to the heliopause and reflect halfway boundary, the TS location is determined by the SW pressure,

uncertainty limits of the sounding method. The same is true for the distance to the HP.

back towards the TS, i.e., 3/2 Tiys. The third term accounts for the time it takes ENAs to travel from halfway through not the SW speed. Voy TS model 91 40 12 131 9 e . . | o |

the IHS to the TS. The fourth term accounts for the time it takes ENAs to travel from the TS to IBEX. 3. The spherical TS shape determined by an analysis of * In the Yoyager 2 direction, the derived heliosheath tthk.Ile.SSGS arc W{tl?ln unceﬁalgty,
Note that this method assumes a static heliosphere; that is, the TS and HP distances are not changing in time. Time- anomalous cosmic rays (ACRs) measured by the Voyager paiel . =2 - — - except %n th? case of the constant 100 au TS model? but this is not surpr1s1ng cog&dermg

dependent heliosphere models that simulate the solar cycle indicate that these boundaries do change. Typically, the spacecraft as they traversed the HS. The TS is taken to be Voyager 100 au TS 100 10 5 110 9 the arbltrarlqess of that model. In all ca§es the distances to the HP are in quite good

models show a change in the upwind direction for D¢ of £10 AU and a change in Dyp of =5 AU (see Izmodenov et spherical with a radius of 117 au, but not centered on the Sun. From McComas et al. 2 S o - e - P agreement with the observed V2 HP crossing distance.

al. 2008, 2005). This is of small concern for this study because this is at the level of the resolution of the traceback This model was recently published in McComas et al. 2019. 2019, Ap. J., 884, 145.

method. Voy TS model 82 30 -5 112 =7/




