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A strong, highly-tilted interstellar magnetic field near

the Solar System

M. Opher', F. Alouani Bibi!, G. Toth? J. D. Richardson®, V. V. Izmodenov* & T. I. Gombosi?

Magnetic fields play an important (sometimes dominant) role in
the evolution of gas clouds in the Galaxy, but the strength and
orientation of the field in the interstellar medium near the helio-
sphere has been poorly constrained. Previous estimates of the field
strength range from 1.8-2.5nG and the field was thought to be
parallel to the Galactic plane’ or inclined by 38-60° (ref. 2) or 60-90°
(ref. 3) to this plane. These estimates relied either on indirect obser-
vational inferences or modelling in which the interstellar neutral
hydrogen was not taken into account. Here we report measurements
of the deflection of the solar wind plasma flows in the heliosheath® to
determine the magnetic field strength and orientation in the inter-
stellar medium. We find that the field strength in the local interstel-
lar medium is 3.7-5.5pG. The field is tilted ~20-30° from the
interstellar medium flow direction (resulting from the peculiar
motion of the Sun in the Galaxy) and is at an angle of about 30° from
the Galactic plane. We conclude that the interstellar medium field is
turbulent or has a distortion in the solar vicinity.

The local interstellar medium magnetic field (Bisy) is one of the
key elements that control the interaction between the Solar System
and the interstellar medium. Determining its strength and orienta-
tion is crucial because Bisy affects the shape of the Solar System and
the filtration of particles that stream into the Solar System from the
interstellar medium. However, until the Voyager spacecraft crosses
the heliopause, we cannot directly measure the orientation or
strength of Bigy.

Previous work estimated the orientation and intensity of By, but
with large uncertainties. Measurements of the polarization of light
from nearby stars' suggest that the average field over spatial scales of
parsecs is parallel to the Galactic disk, but gives no information on the
local field direction. The backscattered solar Lyman-o radiation® gave
a field direction inclined 38—60° with respect to the Galactic plane
with the angle between the velocity of the interstellar medium and
magnetic field assumed to be 30-60°. This method relies on the
assumption that Bigy is in a plane defined by the interstellar H and
He flow directions as they penetrate the Solar System. However,
recent studies have shown that this assumption may not be valid®.

Table 1| Definitions of the parameters used
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Figure 1| Flows in the heliosheath as measured by Voyager 2. The flow
angle 0 = tan”~ '(Vy/Vry) is shown from day 277 of 2007 to day 245 of 2009 as
measured by Voyager 2 in the R—-T-N coordinate system. The horizontal axis
shows the time in decimal years (day/365) from 2007-2009. The period
between 2007.95 and 2008.62 (blue points) seems to be dominated by
transients that may be driven by interactions between the fast and slow solar
wind. We model the steady-state heliosphere and thus remove this region to
calculate the average flow angle in the heliosheath. The average angle 0 is
—29° = 1.0°. The red line shows 11-day running averages of the angles.

The deflection of the H from the He flow direction is affected both by
the orientation and by the strength of Bisy. The same observed
average deflection can be produced by different orientations and
intensities of Bjsy. Previous studies do not constrain the strength
of the field. We previously>®” derived the strength and orientation of
the Bjsy from a numerical model constrained by Voyager 1 and 2
particle streaming and radio observations . This model did not
include neutral H atoms, so it underestimated the strength of the
interstellar magnetic field and had large uncertainties in the field
direction®’.

Here we constrain the orientation and strength of Bisys using a new
data set, the heliosheath flows obtained from Voyager 2 measurements.

o Angle between the local interstellar magnetic field and interstellar wind (see also Fig. 3 inset)

p Angle between the solar equatorial plane and the plane defined by the interstellar magnetic field and the interstellar wind

0 tan~ 1(V\/V1); the angle describing the flow deflection in the heliosheath

041 Angle between the shock normal n and the Sun-centred radius vector

1 Angle measured between the tangential direction T and the projection of n in the N-T plane (see Supplementary Information for a diagram)

Vs Shock velocity

Rts Distance of the termination shock to the Sun

Vr Radial velocity in the R-T-N coordinate system, that is, a local cartesian system centred at the spacecraft. R is radially outward from the Sun, T is in the plane of
the solar equator and positive in the direction of solar rotation, and N completes a right-handed system

VN Normal velocity in the R-T-N coordinate system

Vr Tangential velocity in the R-T-N coordinate system
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Figure 2 | Flows in the heliosheath for different B,s, directions. The shapes
of the heliopause are shown for Bisy; = 4.4 nG, oo = 45° and ff equal to 60° (a),
90° (b) and 120° (c). The colours indicate the total magnetic field strength (in
microgauss) and are shown on the iso-surface of the heliopause defined for
InT = 11.5, where T is the temperature. The viewpoint is from the +x
direction. The streamlines show qualitatively the difference in flow patterns in
the heliosheath. The interstellar wind is along the x-axis, the solar rotation
axis is along the z-axis and the y-axis completes the right-handed coordinate
system. In this coordinate system, the Voyager 2 trajectory is shown by the

The heliosheath flow angle 0 = tan” ' (Va/ Vi) depends on the inter-
stellar medium magnetic field. (The coordinate system is defined in
Table 1.) Figure 1 shows the flow angle 0 in the heliosheath at Voyager 2.
This dependence of the flow angle on the magnetic field orientation can
be seen qualitatively in Fig. 2, which shows the flows predicted by a
three-dimensional magnetohydrodynamic model with five fluids (one
ionized and four neutral H fluids; see description in Supplementary
Information).

The orientation of the interstellar magnetic field is defined by the
angles o and f3, where o is the angle between the interstellar magnetic
field and the interstellar wind and f is the angle between the solar
equator and the plane defined by the interstellar magnetic field and
the interstellar wind (see inset in Fig. 3). (The Local Standard of Rest
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Figure 3 | Modelled flows as a function of the Bsy. The flow angle

0 = tan~ '(Vx/V7y) is shown as a function of the Bjgy; orientation. Flow angles
for oo = 20°, 30°, 45° and 60° are shown in blue, purple, brown and green,
respectively. The size of the squares corresponds to the intensity of Bsy
from 2.5-5.5 piG. The model flow angle 6 was estimated using all the points
within two cells of resolution (or 6 AU) of the Voyager 2 trajectory (see
Supplementary Information). The error bars are the root mean square of all
the values. The observed flow angle 0 = —29° = 1.0° is shown by the dotted
line. The blue dashed line illustrates the dependence of the flow angle on 8
for o = 20-30°. The inset shows the orientation of o and f in the model
coordinate systems (for more details see Table 1). The velocity of the
interstellar wind is indicated by the label Vigy,.
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pink lines labelled V2. The Voyager 2 ecliptic latitude and longitude are
—31.2° and 213.4° respectively, neglecting the 7.25° tilt of the solar equator
with respect to the ecliptic plane. The heliopause surfaces and flows for the
f =60° (a) and f = 120° (b) orientations are almost mirror images. The
heliopause is asymmetric, both in the north—south and in the east—west
directions, and has a plane of symmetry approximately parallel to the plane of
the local Bigyy. The intensity of the magnetic field outside the heliopause is
larger in the southern solar hemisphere rather than in the northern solar
hemisphere (a) owing to the slowing-down of the plasma flow.

is the mean motion of the stars and gas in the solar neighbourhood in
rotation around the Galactic centre. The Sun moves relative to the
Local Standard of Rest at 13.4kms ™' in the direction of Galactic
rotation, —9kms ™' in the radial direction, and 3.7kms™" in the
vertical direction. The cloud of material that surrounds the Sun
moves in the Local Standard of Rest in a nearly perpendicular
motion. The result of these two motions is that we observe interstellar
material flowing towards the Sun, called the interstellar wind. We use
the interstellar wind direction to define the x-axis of our model (see
Supplementary Fig. 4).) We constrain the value of o by comparing the
observed distances of the termination shock from the Sun in the
Voyager 1 and Voyager 2 directions'®"" to the model results
(Table 2) and find that values of o between 20° and 30° fit the data.
The magnitude of Bjsy must be between 3.7 uG and 5.5 uG to match
the observed termination shock crossing distances. We note that
other work found « to be 15-20° and the magnitude to be about
4 UG, but these studies did not take into account the interplanetary
magnetic field'>. We constrain the value of § by comparing the mea-
sured and simulated flow velocities. Figure 3 shows the dependence
of f on the flow angle for several values of «. For o =20-30°, as f§
increases the predicted flow angle 0 agrees better with the measured
angle. f§ has to be less than 90° due to magnetic connectivity?, so f§
near 90° (or about 30° from the Galactic plane) gives the best fit to the
observations.

We analyse the effects of non-stationarity and numerical resolution
on our estimates of the magnetic field orientation and find them to be
negligible. The effects of the non-stationarity of the shock can be
obtained from the theoretical predictions of 0 for a three-dimensional
magnetized moving shock given by the Rankine-Hugoniot conditions
and described by the angles 6, and ¢, (for definitions see Table 1). The
termination shock at the time of the Voyager 2 crossing had, on
average, 0; = 15°, ¢, = 165° and Vs = 88.09kms ™', where Vs is the
shock velocity (see Supplementary Information for more details).
Using the Rankine-Hugoniot conditions with these values for 0,
and ¢, we estimate that the dependence of 6 (the orientation of the
flow which constrains the orientation of the magnetic field) on the
shock velocity Vs is less than 0.1°. In the Supplementary Information
we show that the effect of numerical resolution is also small (less than
8°). We show that the obliquity of the shock given by 6, and ¢,
depends on the interstellar magnetic field (see Supplementary
Information for details).

These results show that the local By, orientation with respect to the
Galactic plane is different from that determined from ground-based
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Table 2 | Termination shock distances at Voyager 1and 2 as a function of
Bism

B(uG) pC) a(®) Rrs(V1)(AU)  Rys(V2) (AU)  Rys(V2) — Rys(V1) (AU)
4.4 30 20 88.7+3.6 798 +23 8.9
4.4 60 20 90.3*+4.0 812+27 9.1
4.4 80 20 941+438 85827 8.3
4.4 120 20 942+34 929+47 13
55 45 20 84.6*3.6 724+26 12.2
4.4 80 30 88.5+38 793 x24 9.2
4.4 85 30 88.8*+3.8 82.6+4.9 6.2
4.4 90 30 89.2+42 81.1+25 8.1
25 60 45 89.1*+38 853 *3.0 3.8
3.7 60 45 827 %35 70.7 £3.4 12.0
44 60 45 766+ 15 67.8+23 8.8
4.4 75 45 781%+20 702*+24 7.9
4.4 80 45 792*26 718*+19 7.4
4.4 85 45 80.2+19 745+26 7.8
4.4 120 45 80.3+3.0 789+26 19
4.4 30 45 731%+19 67.1+20 6.0
4.4 45 45 744+20 684 +26 6.0
4.4 90 45 80.4+19 733*+20 7.1
4.4 120 60 729+19 67.2+22 57
4.4 60 60 73.0%20 675*22 55

The error bars in the termination shock distances Rys are the average of the upstream and
downstream distances. The angle o is the dominant factor in determining the distance of the
termination shock to the Sun and the asymmetry between Voyager 1 (V1) and Voyager 2 (V2),
R1s(V1) — Rrs(V2) (in astronomical units, Au). Models that take into account the motion of the
shock?*?* estimate an asymmetry of 7 AU between the termination shock distances in the
Voyager 1and 2 directions. To reproduce the observed asymmetry of 7 Au, Bjspy must be
>3.7 uG. To reproduce the distances R1s(V1) = 91 Au and Rys(V2) = 83.7 AU, the angle o has to
be 20-30°.

measurements, which determine the average field orientation over
large distances'. This difference could be a result of turbulence in
the interstellar medium'>'* which could cause the local magnetic field
direction to differ dramatically from that of the large-scale field. This
difference could also be a consequence of local distortion of the
magnetic field in the solar vicinity'>. Within 100200 pc from the
Sun, the interstellar gas is embedded in the Local Bubble', a huge
region of hot tenuous plasma which contains small, cooler, denser
clouds such as the Local Interstellar Cloud (also called the Local
Cloud), which envelops the Sun. Collisions between the Local
Cloud and other cooler, denser clouds in the Local Bubble, such as
the G cloud", could cause such a distortion. Theories for the creation
of the Local Cloud suggest that the magnetic fields are strong, of the
order of 4-7 uG (ref. 18).

For a magnetic field strength in the Local Cloud of 4 pG, which we
report here, the magnetic pressure would be Pg/k=~ 4,500 K cm ™’
(where k is the Boltzmann constant), almost twice the Local Cloud
thermal pressure of Py,/k= 2,500 K cm > (refs 19, 20). If this mag-
netic field strength were representative of the local field over a scale of
about 10 pc, the magnetic energy density could dominate the energy
budget in the Local Cloud***'.
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