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Interstellar cosmic ray (CR) spectra just outside the heliosphere are accessible thanks to direct
measurements of CR, with uncertainties given by the solar modulation. Interstellar CR spectra in
the local medium (i.e. within ~1 kpc around the Sun) are indirectly accessible thanks to
observations of interstellar emissions in radio/microwaves and in gamma rays produced by CR
interactions with the interstellar medium and the Galactic magnetic field. Observations of these
interstellar emissions are an invaluable tool for understanding densities and spectra of CR in
different places of our Galaxy. The derivation of these spectra depends on model assumptions.
Until recently it was believed that CR as directly measured were resembling CR throughout the
Galaxy, after accounting for solar modulation and propagation effects. However, present precise
data are discordant and are posing significant challenges. Whether interstellar CR spectra just
outside the heliosphere and in the local medium are the same is a question that has recently opened
again. We present here our effort in answering this question and our recent results.

37th International Cosmic Ray Conference (ICRC 2021)
July 12th—23rd, 2021
Online — Berlin, Germany

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/



Interstellar Cosmic-Ray Spectra Elena Orlando

1. Introduction

Interstellar cosmic ray (CR) spectra just outside the heliosphere are accessible thanks to direct
measurements of CR, with uncertainties given by the solar modulation at low energies. This is the
case for example of AMS02, while Voyager measures CR outside the influence of the solar wind,
with the limitation of measuring low energy CR. On the other side, interstellar CR spectra in the
local medium, such as within ~1 kpc around the Sun, are indirectly accessible thanks to
observations of the associated interstellar emissions in gamma rays and in radio/microwaves that
are produced by CR interactions with the interstellar medium and the Galactic magnetic field.
Until recently it was believed that CR as directly measured were resembling CR throughout the
Galaxy, after accounting for solar modulation and propagation effects. However, present precise
data are discordant and have posed significant challenges. Whether interstellar CR spectra just
outside the heliosphere and in the local medium are the same is a question that has recently opened
again.

We present here our effort in answering this question and our recent results based on [1].

2. Our Method

Our method to constrain CR density and spectra in various locations in the Galaxy is to use all
possible observations from radio, through microwaves, to gamma rays, updated cosmic ray meas-
urements, for example from AMSO02 and Voyager, and propagation codes, such as GALPROP that
accounts for CR diffusion, energy losses, reacceleration processes, generation of secondary CR
and it calculates the associated photon emissions.

In the following, we show the advantage of using multimessenger data.

CR produce gamma rays via pion decay and bremsstrahlung on the gas, and via inverse Compton
on the CMB and Galactic photons. The same CR electrons and positrons that produce gamma
rays, produce also synchrotron emission in radio and microwaves by spiraling in the magnetic
field. In the past 10 years we have extended the GALPROP propagation code to include
synchrotron emission modeling, with 3D magnetic field models, and the calculation of
temperature and polarization [2].

3. Results

We report here some examples of recent results that we obtained with this approach from our
recent work [1].

We have found the best local interstellar electron and positrons with no assumption of solar mod-
ulation effect and we, hence, found the best propagation scenario.

Figure 1 shows the spectrum of electrons plus positrons. The solid lines are different GALPROP
propagation scenarios that produce different models in the local interstellar space. Details of mod-
eling and analysis are reported in [1]. Briefly, we constrained the models with direct CR meas-
urements, such as AMS02 above a few tens of GeV, and by Voyager in the interstellar space at
low energies. In the energy band around a few GeV, there is the effect of solar modulation, hence,
direct measurements cannot constrain the local interstellar spectrum. This energy range is im-
portant for propagation models. The three solid lines show three possible models of CR electron
and positron spectra from GALPROP as published in [1]. Each of them produces a different syn-
chrotron and gamma-ray emission, both spatially and spectrally.

Standard propagation models used so far for calculating the large-scale inverse Compton emission
and bremsstrahlung emission use a spectrum similar to the green line. In [1] we found that the
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best spectrum is the one represented by the red line. In fact, this spectrum reproduces the synchro-
tron emission from radio surveys and Planck data, while standard models as used in usual Fermi
analyses produce a significant excess at low frequencies.

This best model does not assume reacceleration processes, or they are very low.

In the following, we report the effect seen in gamma rays of the various models.

Our electron plus positron spectrum (red line in Figure 1) is also supported by gamma-ray data,
specifically the local averaged gamma-ray emission for atomic hydrogen, also called emissivity,
as obtained in [3]. The gamma-ray emissivity identifies the bremsstrahlung and the pion decay
component, which are gas-related components. Data from [3] are the best measurements of the
local averaged emissivity nowadays available based on the Fermi LAT data with systematic and
statistical uncertainties included.

Below a few hundreds of MeV our electron and positron spectral model fits the emissivity data
significantly better than the standard models. Details are provided in [1]. This is due to the high
positron density ~1 GeV produced by the usual reacceleration models, that is in tension with the
synchrotron spectrum at the low frequencies and also with the gamma-ray spectrum below ~1
GeV as we have found [1]. At higher energies, where the emissivity mostly identifies the hadronic
component by pion decay, by using the proton and heavier spectra that fit AMS02 data and Voy-
ager we have found [1] that all models substantially underestimate the gamma-ray emissivity ob-
servations. Hence, we derived the proton spectrum in order to fit the emissivity data. By fitting
the model pion decay emissivity to the data and by fixing the bremsstrahlung component to our
best model, we found a scaling factor of ~1.3 for all models based on Voyager and AMS02 CR
data. Uncertainties given by the cross sections and by the fit cannot account for such a discrep-
ancy. Previous works [4, 5] found a similar scaling factor. However, no firm conclusions were
drawn because the proton spectrum was compared with Pamela data, instead of the more precise
AMSO02 data.

10° Fig 1: Local interstellar electron and positron spec-
trum and propagation scenarios. Solid lines are dif-
ferent GALPROP propagation scenarios that pro-
duce different emission in the local space. Details
of modeling and analysis are reported in [1]. Stand-
ard propagation models used so far for calculating
the large-scale inverse Compton emission and
bremsstrahlung emission use a spectrum similar to
the green line. In [1] we found the best spectrum as
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o Ene,g‘yOEMeV]m the one represented by the red line. CR data are

shown: Voyager (pink squares), AMSO02 (blue
points), and Pamela (grey crosses).

4. Conclusions

To summarize, we used local multimessenger observations from radio to gamma rays, CR direct
measurements, and propagation models to obtain CR spectra in the local interstellar medium. In
particular we obtained the best local electron and positron spectrum that fits direct CR
measurements, synchrotron, and gamma rays. The obtained spectrum is, for the first time,
independent from solar modulation assumptions.

We have also obtained the local proton spectrum that fits local gamma ray data, which, however,
does not fit Voyager and AMS02 data. We conclude that if the local emissivity data from [3] are
correct the measured AMS02 proton spectrum is not representative for the spectrum in the ~1kpc
region, even after correcting for solar modulation effects.

Updated emissivity data may be used in future in order to confirm (or disconfirm) this conclusion.
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