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Voyager 1 (V1) has been in the local interstellar medium (LISM) since August, 2012. We present
the galactic cosmic-ray (GCR) energy spectra of most elements from H through Ni, and also of
electrons, for a period exceeding two years. The V1 energy spectra define the newly-revealed,
low-energy part of the interstellar spectra of nuclei down to � 3 MeV nuc  � and of electrons
down to � 5 MeV. We use a leaky-box model and three GALPROP models of the local interstellar
spectra of nuclei, constrained by the V1 observations at low energies and by observations at 1
AU from other missions at higher energies, to estimate the cosmic-ray energy density and the
ionization rate of atomic H in the local interstellar medium by nuclei above 3 MeV nuc  � . We
use a model of the interstellar electron spectrum that approximately matches the V1 observations
to derive the electron contributions to the cosmic-ray energy density and the ionization rate of
atomic H above 3 MeV. We find that the total cosmic-ray energy density is in the range 0.82-0.97
eV cm  � , which includes a contribution of 0.023 eV cm  � from electrons. We find the cosmic-
ray ionization rate of atomic H to be in the range 1.45-1.58 � 10  ��� s  � , which is a factor of more
than 10 below the cosmic-ray ionization rate in diffuse interstellar clouds based on astrochemistry
methods. We discuss possible reasons for this difference.
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Figure 1: Differential energy spectra of H (left) and He (right) from V1, and solar-modulated spectra at 1
AU from a BESS balloon flight in 1997 [4], and from IMP8 in the latter part of 1996 [5]. Also shown are
estimated spectra in the LISM from a leaky-box model and three GALPROP models as described in the text.

1. Introduction

On 25 August 2012, Voyager 1 (V1) entered a region of space in which the heliospheric ions
and electrons were depleted and the galactic cosmic ray (GCR) intensity was enhanced [1, 2]. It
is generally thought that V1 has been in the local interstellar medium (LISM) since that time. We
present energy spectra of GCR electrons and most nuclei from H through Ni for an � 2 year period,
as well as models of interstellar spectra constrained by these new observations. The models are
used to estimate the energy density of cosmic rays in the LISM and the cosmic-ray ionization rate
of atomic H at cosmic-ray energies above 3 MeV/nuc. This work represents an update to a study
published in 1998 [3] before there were direct observations of the energy spectra at low energies in
the LISM.

2. Observations, nuclei

In Figure 1, we show the elemental H and He spectra from the V1 Cosmic Ray Subsystem
(CRS) instrument [6], as well as spectra at 1 AU during a solar minimum time period. The V1
energy spectra of both H and He have a broad peak in the 10-50 MeV nuc � � energy range. Over
the energy range of the V1 observations, the GCR H/He ratio in the LISM is � 12, independent of
energy from 3 to 346 MeV nuc � � . The roll over at low energies from a power-law at high energies
is likely a consequence primarily of ionization energy losses [7] and suggests that V1 is not in
the nearby vicinity of a recent source of GCRs. The estimated interstellar energy spectra from
the leaky-box model (LBM) and the three GALPROP models are also shown. The higher-energy
portions of the 1 AU spectra are relatively unaffected by solar modulation and constrain the LISM
models.
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Figure 2: Differential energy spectra from V1. Also shown are estimated spectra in the LISM from a leaky-
box model and three GALPROP models as described in the text. The line types for the models are the same
as in Figure 1.

In Figure 2, we show energy spectra from the CRS instrument on V1 of 25 nuclei from Li
through Ni, with the exception of Co, which has yet to be detected. The model spectra in this
figure and in Figure 1 are used to calculate the energy density of cosmic rays and the cosmic-ray
ionization rate of atomic H in the LISM.

3. Models

The LBM is a version of that used by [12] with updates in the parameters to describe the new
data below � 100 MeV nuc � � . The most important parameter is the escape length,

�
, which is

taken to be
�

= 26.5 � P ����� � g cm ��� above a rigidity of 1 GV and
�

= C � � � � below 1 GV, where C
= 31.0 for H and 40.9 for other nuclei. The source spectra are all assumed to have an exponent =
-2.25. The cross section file has been updated and extended down to 10 MeV nuc � � .
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Figure 3: Energy spectrum of electrons (positrons
+ negatrons) as derived from data from the TET
telescope on V1 in two ways, one using response
functions measured at an accelerator calibration
prior to launch (open symbols) and another one
(closed symbols) derived from simulations using the
GEANT4 code (www.geant4.cern.ch). Six different
estimates of the interstellar energy spectra of electrons
are also shown [8, 7, 9, 10]. The data at higher
energies (open squares) are from the PAMELA
mission at 1 AU [11].

The GALPROP propagation models
have been used in previous studies: diffusive
reacceleration (DR) and plain diffusion
(PD). The DR model is successful in
explaining an ensemble of GCR data [13]
and has been used for an extensive study
of the Galactic diffuse gamma-ray emission
[14]. The propagation parameters of DR
and PD models and the elemental source
abundances are adjusted to fit the GCR data
from V1, ACE CRIS [15], HEAO-3 [16],
and CREAM [17]. The PD model, which
requires a break in the rigidity dependence
of the diffusion coefficient to match the
B/C ratio, is further modified by introducing
a single break in the cosmic-ray injection
spectrum in the case of the PDS model, or
two breaks in the case of the PDD model.
In all models three different cosmic-ray
injection spectra are used for protons, He,
and heavier elements Z  2.

4. Observations, electrons

In Figure 3 we show the energy
spectrum of GCR electrons derived from
V1 observations, as well as high-energy
data from the PAMELA mission at 1 AU
[11]. Also shown are several estimates
of the interstellar electron spectrum. For
the purposes of calculating energy density
and ionization rates of atomic H from GCR
electrons, we use the spectrum labeled "Strong et al. -2.0 inj", which was originally derived
down to � 0.5 GeV from WMAP observations of the Galactic diffuse synchrotron emission using
GALPROP modeling [18]. Subsequently, calculations were extended to 10 MeV (Strong et al.,
private communication) and finally a further power-law extrapolation with index -1.47 down to 3
MeV was employed (not shown). Amongst the spectra in Figure 3, this spectrum best matches the
V1 observations.

5. Ionization Rates

The ionization rate of atomic H in the LISM by cosmic rays in s � � is calculated based on
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equation 10 of [19]: !#"%$'&)(+*,".-0/21#35461
/�7 8�9 :<;>=@?BAC;>=@?BDE= (5.1)

where
*,"

= 1.5 to account for ionization due to secondary electrons produced in the initial ionizing
event [20] and E FHGBI is 3 MeV for GCR protons and electrons and 3 MeV nuc � � for GCR nuclei.
The values of E 1#35461 were 1.59 J 10 K MeV for electrons, 1.07 J 10 L MeV nuc � � for the GALPROP
models, and 1.0 J 10 M MeV nuc � � for the leaky-box model. J(E) is the differential energy spectrum
of the GCR ionizing species and A (E) is the energy-dependent cross section.

The cross section used is the Bethe-Bloch formulation [21], valid at the relatively high energies
used here. The equation for A in cm � as presented in [22] is:

A
$ONQP�RTS J N#U ���V�XWY�TZ\[ P�R^]`_baTc � � ; � �,d ;

Nfe � � ?
egUhP\&iS � �kjld � � (5.2)

where Z is the charge of the ionizing particle and � c is the particle velocity.
At energies significantly lower than the V1 measurements, the Bethe-Bloch formula

overestimates the cross section. In Figure 4 we show the cross section for ionizing atomic H by
GCR protons and He nuclei with energies 10 ��� MeV nuc � � to 10 K MeV nuc � � , where for values
of � < 0.026 we show the cross section formulation adapted for ionization of H from [23] given in
cm � for an incident ion of charge Z and velocity v in cm/s:

A
$'&)(nm �G W �#o Z phd ;

RqPbNsr J N#UTtEu ; W
]vN

? j (5.3)

where
m G = 5.29 J 10 ��L and the function G is given by:

o ;lwn?
$vxkyhz

;
e{N d w � ? Z

NQP�R [ ]|UhP�RT}TS+_b~
;
R
w �
]�RT�

? jld w � (5.4)

Also shown in Figure 4 is the cross section for ionizing atomic H by GCR electrons, where
for electron energies E < 1000 eV we use the cross section formulation of [24, 25] as presented in
[26]:

A
$'& J N#U � ��� Z NfegUhP [ xkyqzYe�UhP�� [ ;>= d

NsSqP [ e�N
? j
_�~
;>= d

NsSqP [ ? d ;
NsSqP [ =@? (5.5)

6. Energy Density

The equation for calculating energy density is adapted from [19] and is given by ���n� $&)(n��� /��V���B�/ 7 8�9 =.;�:<;>=�? dXp ?BDi= , where v is the particle velocity in cm s � � and the intensity J(E) is
in (cm � s sr eV) � � for protons and electrons, where N = 1, and in (cm � s sr eV nuc � � ) � � for
heavier ions with N being the number of nucleons. The limits of integration are as in Equation 5.1,
except eV and eV nuc � � are the units used instead of MeV and MeV nuc � � .
7. Results and Summary
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Table 1: Energy density and ionization rate of atomic H.
Nuclei Model Energy density (eV cm ��� ) Ionization rate (10 � � M s � � )

H He Li-Ni e Total H He Li-Ni e Total
LBM 0.58 0.15 0.07 0.023 0.82 0.85 0.27 0.29 0.17 1.58
DR 0.70 0.17 0.08 0.023 0.97 0.80 0.24 0.31 0.17 1.51

PDD 0.63 0.17 0.07 0.023 0.89 0.77 0.24 0.28 0.17 1.45
PDS 0.62 0.17 0.07 0.023 0.89 0.76 0.24 0.30 0.17 1.47

Figure 4: Cross section in cm � for ionization of atomic H by
energetic electrons, H ions, and He ions. The curves are from
equations 5.2, 5.3, 5.4, and 5.5. The vertical lines represent
the energy range of the V1 observations with solid being for H,
dotted for He, and dashed for electrons.

The resulting ionization rates
and energy densities are shown in
Table 1. H and He dominate the
contributions in all cases. The
electron contribution is the same
for each nuclei model entry. The
total cosmic-ray ionization rate
varies from 1.45 J 10 � � M s � � to
1.58 J 10 � � M s � � , which is a factor
of 11-12 lower than the cosmic-
ray ionization rate of 1.78 J 10 � � K
s � � inferred using astrochemistry
methods for diffuse interstellar
clouds [27]. As seen in Figure 4,
however, the cross section for
ionization peaks at energies much
lower than the V1 observations. Most attempts to resolve the discrepancy in the literature involve
allowing the then unknown interstellar energy spectra of GCRs protons, for example, to turn up
below energies of � 100 MeV [19, 28]. However, the new V1 observations suggest that there is no
turn up at energies above 3 MeV.

Among the possibilities to explain the difference are a spatially variable GCR energy spectrum
in the Galaxy, especially the larger ionization rate is expected in spiral arms which host GCR
sources and thus higher densities of GCRs, a contribution from knock-on electrons below � 1 MeV,
and possibly a contribution from a suprathermal tail on the energy distribution of the interstellar
wind. We note that suprathermal tails are ubiquitous in the heliosphere and are often attributed to a
pump mechanism [29]. We find that, for example, a suprathermal tail on the Maxwell-Boltzmann
energy distribution of the interstellar wind of H ions with an energy spectrum of 4.4 J 10 ��� E � � � �xkyqz

[-E/(0.2 MeV)] (cm � s sr MeV) � � would result in approximately the increase required in the
ionization rate of atomic H with negligible change in the energy density. It remains for future work
to see if the interstellar turbulence is large enough to sustain such a suprathermal tail and to explore
the other possibilities mentioned above.

Whereas the ionization rate is a relatively low-energy phenomenon, energy density is a
relatively high-energy phenomenon with most of the contribution coming at energies above the
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V1 measurement energy range (see Figure 4 of [19]). We find that the total energy density amongst
the models ranges from 0.82 to 0.97 eV cm ��� .

The interstellar magnetic field would have an intensity of 5.7-6.2 � G if there were
equipartition. Although the observed intensity in the very local interstellar medium is nearly this
large, ranging from � 4 to 5.5 � G, this is likely enhanced due to draping around the heliosphere,
and the unperturbed field is expected to be in the range of 2 to 4 � G [30].

The cosmic-ray ionization rate we derive is lower by a factor of � 2 than that derived by
Webber [3] (3-4 J 10 � � M s � � ). The energy density we derive is also lower than in [3] ( � 1.8 eV
cm ��� ). We ascribe the differences to the different interstellar energy spectra used, with the new V1
GCR electron measurements reducing the electron contributions to the ionization rate significantly.
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