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ABSTRACT

Context. Supernova remnants interacting with molecular clouds are ideal laboratories to study the acceleration of particles at shock
waves and their transport and interactions in the surrounding interstellar medium.

Aims. Here, we focus on the supernova remnant W28, which over the years has been observed in all energy domains from radio waves
to very-high-energy gamma rays. The bright gamma-ray emission detected from molecular clouds located in its vicinity revealed the
presence of accelerated GeV and TeV particles in the region. An enhanced ionization rate has also been measured by means of mil-
limeter observations, but such observations alone cannot tell us whether the enhancement is due to low-energy (MeV) cosmic rays
(either protons or electrons) or the X-ray photons emitted by the shocked gas. The goal of this study is to determine the origin of the
enhanced ionization rate and to infer from multiwavelength observations the spectrum of cosmic rays accelerated at the supernova
remnant shock in an unprecedented range spanning from MeV to multi-TeV particle energies.

Methods. We developed a model to describe the transport of X-ray photons into the molecular cloud, and we fitted the radio, millime-
ter, and gamma-ray data to derive the spectrum of the radiating particles.

Results. The contribution from X-ray photons to the enhanced ionization rate is negligible, and therefore the ionization must be due
to cosmic rays. Even though we cannot exclude a contribution to the ionization rate coming from cosmic-ray electrons, we show that
a scenario where cosmic-ray protons explain both the gamma-ray flux and the enhanced ionization rate provides the most natural fit
to multiwavelength data. This strongly suggests that the intensity of CR protons is enhanced in the region for particle energies in a

very broad range covering almost six orders of magnitude: from <100 MeV up to several tens of TeV.
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1. Introduction

Supernova remnants (SNRs) interacting with molecular clouds
(MCs) are ideal laboratories to study the acceleration of particles
at astrophysical shocks (Gabici & Montmerle 2015). The study
of such systems is of particular importance in connection with
the problem of the origin of Galactic cosmic rays (CRs). This is
because CRs are believed to be accelerated at SNR shocks, and
injected into the interstellar medium with an energy spectrum
which is a power law in momentum over a very broad range of
particle energies (see e.g., Drury 2017; Gabici et al. 2019).

The SNR W28 is a middle-aged remnant (estimated age
equal to few times 10* yr) located at a distance of about 2 kpc
(Velazquez et al. 2002). It is classified as a mixed-morphology
SNR with center-filled thermal X-ray emission and shell-like
radio morphology (Rho & Borkowski 2002; Dubner et al. 2000).
Also, observations in CO(1-0) have revealed molecular gas within
the field of W28 (Dame et al. 2001), concentrated in a number
of massive MCs (Aharonian et al. 2008). Most importantly the
detection of 1750 OH maser from the MC located on the north-
eastern side of the SNR suggests that this cloud is interacting with
the blast wave of the remnant (Claussen et al. 1997). The W28

SNR/MC system has been observed at all wavelengths, including
radio (see Dubner et al. 2000, and references therein), millime-
ter (Vaupré et al. 2014), X-rays (see Zhou et al. 2014, and ref-
erences therein), and high-energy and very-high-energy gamma
rays (Aharonian et al. 2008; Abdo et al. 2010). This makes it an
ideal target for studies of CR acceleration and escape from SNRs
(e.g., Nava & Gabici 2013, and references therein).

The MCs in the vicinity of W28 are prominent gamma-ray
sources (Aharonian et al. 2008; Abdo et al. 2010). The origin of
this emission is due to interactions of GeV and TeV CR pro-
tons that were accelerated in the past at the SNR shock and that
now fill a vast region surrounding the remnant (e.g., Gabici et al.
2010). Remarkably, measurements performed in the millimeter
domain revealed an enhanced ionization rate from the north-
eastern MC (Vaupré et al. 2014) which is much higher than the
typical values for dense isolated MCs (Caselli et al. 1998). The
ionization of the MC could be due either to the interactions of
CRs (either protons or electrons) in the molecular gas, or to
the presence of X-rays coming from the SNR shock-heated gas.
X-rays have been proposed as a possible source of ionization in
the vicinity of a number of SNRs (Schuppan et al. 2014).
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As we see in the following, X-rays are in this case not a
viable explanation for the enhanced ionization, and therefore
CRs are left as the only possible ionizing agents present inside
the cloud. This fact opens the possibility to combine high- and
low-energy observations of the SNR/MC system (gamma rays
and millimeter waves, respectively), and constrain the spectrum
of CRs present in the region over an interval of particle energies
of unprecedented breadth: from the MeV to the TeV domain. We
show that data are best explained if an enhanced flux of CR pro-
tons is present, and if such protons are characterized by energies
spanning from <100 MeV up to tens of TeV.

The paper is organized as follows: in Sect. 2 we summarize
the multi-wavelength observations of the W28 SNR/MC system,
in Sect. 3 we compute the photoionization rate induced in the
MC by X-ray photons. The role of CRs in ionizing the gas is
investigated in Sect. 4, where constraints on the CR proton and
electron spectra are also obtained. We discuss our results and
conclude in Sect. 5.

2. Multi-wavelength observations of the W28 region

In this section we review the status of the multi-wavelength
observations of the W28 and its surroundings. The purple (dot—
dot-dashed) circle in Fig. 1 indicates the approximate contours
of the SNR shell as traced by its radio emission (Dubner et al.
2000; Brogan et al. 2006). Observations in the CO molecular
line revealed the presence of a number of dense (103 cm™3) and
massive (=10° My) MCs in the region (Matsunaga et al. 2001;
Aharonian et al. 2008). Remarkably, the H.E.S.S. collaboration
reported the detection of very-high-energy gamma-ray emis-
sion from the vicinity of W28, which correlates spatially very
well with the position of the MCs (Aharonian et al. 2008). The
blue contours in Fig. 1 show the 4o significance excess in TeV
gamma rays. The spatial correlation points towards a hadronic
origin of the gamma-ray emission, which results from the inter-
actions of CR nuclei with the dense gas that forms the MCs.
Gamma-ray data are best explained by assuming that CR protons
were accelerated in the past at the SNR when the shock speed
was larger than the present one. Such particles then escaped the
system, and now fill a large volume which encompasses all the
gamma-ray-bright MCs (Fujita et al. 2009; Gabici et al. 2010;
Li & Chen 2010; Ohira et al. 2011; Nava & Gabici 2013).

The detection of OH maser emission from the northeast-
ern MC indicates that the SNR shock is currently interacting
with that cloud (Claussen et al. 1997; Hewitt et al. 2008). The
other TeV-bright MCs are located in the south, outside of the
SNR radio boundary and therefore have not yet been reached by
the shock. In the following, we focus mainly on the interaction
region, and for this reason we also show, as a dashed red circle,
the position and extension of the Fermi-LAT source associated
to the northeastern cloud (Abdo et al. 2010; Cui et al. 2018).

The presence of the gamma-ray emission from the MCs
reveals an overdensity of CRs with respect to the Galactic back-
ground, both in the GeV and TeV energy domain. In addition to
that, observations of millimeter lines performed with the IRAM
30m telescope (orange triangles in the figure) show that an
excess in the gas ionization rate is also present at the position of
the SNR/MC interaction, but not at the position of the southern
MC complex (Vaupré et al. 2014; Gabici & Montmerle 2015).
Such enhanced ionization rate could be interpreted as an excess
of CRs (either protons or electrons) of low energy (*MeV energy
domain). However, the SNR is a powerful thermal X-ray source
(Rho & Borkowski 2002; Zhou et al. 2014), and the X-ray pho-
tons might also penetrate the cloud and be responsible for the
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Fig. 1. Contour map for the W28 region. The approximate radio bound-
ary of the SNR shell is shown as a purple dot—dot-dashed circle. The
solid blue contours represent the 40 significance excess TeV emis-
sion observed by H.E.S.S. (Aharonian et al. 2008). The short-dashed
red circle is the best-fit disk size for the Fermi-LAT GeV source asso-
ciated to the northeastern MC (Cui et al. 2018). The enhanced region
of Fe I Ka line emission is the area enclosed by the dashed green
line (Nobukawa et al. 2018). The CR ionization rate has been measured
from IRAM observations pointed in the directions indicated by the yel-
low triangles (Vaupré et al. 2014). The filled black circle and square
indicate the centroids of the X-ray emission for the northeast and cen-
tral X-ray sources, respectively (Rho & Borkowski 2002).

enhanced ionization rate, as was proposed for other SNR/MC
systems (Schuppan et al. 2014). The spatial morphology of the
X-ray emission is quite extended, and can be roughly described
as the sum of two extended sources, whose centroids are shown
in Fig. 1 as a filled black square (central source, C) and circle
(northeastern source, NE). Determining whether the enhanced
ionization rate is due to CR protons, electrons, or X-ray photons
is one of the goals of this paper (see Sect. 3).

Finally, additional constraints on the origin of the enhanced
ionization rate can be obtained from hard X-ray observations
of W28 performed by Suzaku (Nobukawa et al. 2018). These
observations revealed the presence of the Fe I Ka line in the
X-ray spectrum. This line is produced by interactions between
low-energy (MeV domain) CRs and cold gas, and it is therefore
tempting to propose a common origin for the line emission and
the excess in the ionization rate measured in the northeastern
MC. Puzzlingly, Fe I Ka line emission has been detected from
a region (green dashed contour in Fig. 2) close to but not coin-
cident with the position of the gamma-ray bright northeastern
MC.

3. Photoionization

Based on XMM-Newton observations, Zhouetal. (2014)
claimed that the X-ray emission from the SNR W28 is predomi-
nantly thermal, with a possible subdominant nonthermal contri-
bution from source NE, and an indication for the presence of a
multi-temperature gas for source C (see also Rho & Borkowski
2002).

In order to estimate the level of photoionization induced by
the SNR X-ray emission in the northeastern MC, we make use of
the spectral fits to XMM data obtained by Zhou et al. (2014). For
simplicity, we consider single-temperature nonequilibrium ion-
ization models where the abundances, ionization timescale, and
plasma temperature are allowed to vary to fit the X-ray emission
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of both the NE and C source (vnei models in XSPEC'). We refer
the interested reader to Vink (2012) (see also Borkowski et al.
2001) for a more detailed discussion of these plasma models.
The best-fit parameters are provided in Table 1, where the abun-
dances are defined as the ratio between the abundances of the
sources and the abundances in the Solar System. Even though
more sophisticated models obtained by adding a power law or
a hot component with higher temperature to the spectrum of the
NE and C sources could improve the spectral fits (see some of the
proposed models by Zhou et al. 2014), this has very little effect
in our estimate of the photoionization rate.

The intensity of the X-ray radiation inside the northeastern
MC has been computed by assuming that the X-ray sources NE
and C are point-like and located at the position of the two cen-
troids of the X-ray emission (filled black circle and square in
Fig. 1). The contribution to the density of X-ray photons at a
given location r away from the source can be computed as:

F(E)D? NH, O abs (E)
7 eXp|—
cr sz

where F(E) is the X-ray source’s unabsorbed differential photon
flux, Dy ~ 2kpc is the distance from the source to Earth, c is the
speed of light, ny, is the density of H, molecules in the absorbing
medium (which in this case is the MC), fy, = np,/(2np, + 1) is
the fractional density of H, molecules relative to the total num-
ber of H atom, o,s(E) is the photoelectric absorption cross-
section per H atom, and d(r) is the distance travelled inside of
the cloud by the X-ray photons that reached a distance r from the
source (see Fig. 2). For MCs, it is appropriate to set fy, ~ 0.5
(see e.g., Vaupré et al. 2014), and we further assume solar abun-
dances to describe the gas in the MC. This latter assumption
allows us to use the absorption cross-section o5 (E) taken from
Morrison & McCammon (1983). In fact, the exact value adopted
for the element abundances in the MC might have some impact:
changing from the solar abundances to the ones of the NE source
as reported in Table 1 (~0.3 times the solar abundances for most
elements) would increase the estimate of the photoionization rate
by a factor of approximately three (see Fig. 3).

With Eq. (1) at hand, the photoionization rate &, induced
by X-ray photons inside the cloud can be obtained following
the approach presented in Maloney et al. (1996). Due to the rel-
atively low temperatures of the emitting plasmas (<1 keV), the
contribution from Compton scattering to the photoionization rate
can be safely neglected. Moreover, most of the ionization in the
MC will be induced by secondary electrons generated as a result
of the X-ray photoionization, meaning that we can write:

nph(E’ r) =

d(r)] ; (e))

Emax
é:ph(r) = 2fH2 Z ﬁ O-abs(E)Cn;h(Es )M (E)AE, 2)

(Hy)

where the sum indicates that both X-ray sources (s = NE and C)
are considered. Here, I(H,) ~ 15.6eV is the ionization potential
of Hy, and M. (E) = [E — I(Hy)]/W is the mean multiplicity for
ionization by a secondary electron in a H, gas, with W ~ 40eV
(see Dalgarno et al. 1999; Dogiel et al. 2013).

Before proceeding, a discussion of the geometry of the prob-
lem is in order (see Fig. 2). We model the X-ray emission from
the SNR as two point sources located at the position of the cen-
troids of the emission (Rho & Borkowski 2002). The ionization
rate in the northeastern MC has been measured along several
lines of sight (yellow triangles in Fig. 1, Vaupré et al. 2014).
To maximise the effect of photoionization, we have chosen to

! https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Fig. 2. Adopted geometry for the calculation of photoionization. The
centroids of the X-ray emission are indicated by the points labeled NE
and C, and the line of sight labeled J1801-N1 is the IRAM pointing
closest to the X-ray sources.

Table 1. Fit parameters of the vnei model for the X-ray sources adopted
from Zhou et al. (2014).

Objects NE C

kT, (keV) 0.33 0.60
7o (10" em™3 5) 6.00 2.35
Abun @ 026 0.12
Si 040 0.16
S 0.88 0.39
Fe 0.22 0.10
s @ (107 ergem™s7!)  6.61  10.43

Notes. (VAll the abundances are relative to solar ones (see Sect. 3 for
more explanations). ® Abundances of C, N, O, Ne, Mg, Ar, Ca, and Ni.
®Unabsorbed fluxes in the 0.3-5.0keV band.

Table 2. Coordinates and relative distances of the two X-ray sources
and of the line of sight J1801-N1.

Objects a ) dng dc
(hms) (0! (pe)  (po)
NE source 1801457 -231658.3 - -
C source 1800255 -232347.2 - -
J1801-N1  180158.0 -231444.0 2.10 1343

study the line of sight which is the closest to the centroids of the
X-ray emission, which has been labeled by Vaupré et al. (2014)
as J1801-N1. This line of sight is also the one characterized by
the smaller measured value of the density of H,, which is equal
to ng, ~ 600 cm™3 (Vaupré et al. 2014). In the following, we
assume that this density characterizes the entire cloud. This is
of course not true, given that larger values of this quantity have
been estimated by Vaupré et al. (2014) for all the lines of sight
other than J1801-N1, but such an assumption will provide us
with the most optimistic (larger) estimate of the photoionization
rate in the cloud. We further assume that the two X-ray sources
lay on a plane orthogonal to the line of sight JI801-N1, and that
the northeastern MC is spatially symmetric with respect to that
plane. The coordinates of the two X-ray sources and of the line
of sight J1801-N1 are listed in Table 2 together with their relative
distances.
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Fig. 3. Left: average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar abundance. Right:
predictions for the photoionization rate are shown by the solid and dashed red lines (for the cloud with solar abundances and the abundances of
the NE source, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements) and filled triangles
(lower limits). The shaded region indicates a reference range of values of the ionization rate which has been used to constrain the CR spectrum

(see text).

Adopting the geometry presented in Fig. 2, we can now esti-
mate the X-ray photo-ionization rate as a function of the gas
column density along the line of sight N(H;). Figure 3 shows
the differential photo-ionization rate averaged along the line of
sight for different values of the column densities along the line
of sight: N(H,) = 10!, 1022, 10%} cm™2, respectively. For typi-
cal values in the range N(H,) ~ 10?!-10? cm2, the left panel
of Fig. 3 shows that the contribution to ionization comes mainly
from X-ray photons with energy in the range from <1keV to a
few keV.

The right panel of Fig. 3 shows the expected photo-ionization
rates as a function of the gas column density for a cloud of
solar (solid red curve) and 0.3 times solar metallicity (dashed
red curve). These predictions can be compared with the mea-
surements of the ionization rate in the northeastern cloud (data
points and lower limits in the figure). One can clearly see that
the contribution from X-rays to the observed ionization rate is
negligible even in the most optimistic scenario considered here.
Therefore, the ionization rate must be due to CRs, either protons
(or nuclei) or electrons. We consider this scenario in the follow-
ing section.

4. Cosmic-ray induced ionization

The gamma-ray emission detected from the MCs in the vicinity
of the SNR W28 is interpreted as the result of hadronic inter-
actions between CR nuclei (mostly protons) accelerated in the
past at the SNR shock. These particles escaped the remnant and
now fill a vast region that encompasses the clouds. The gamma-
ray emission results from the decay of neutral pions produced
in inelastic proton—proton interactions. The energy threshold to
produce pions at rest is T[‘,h ~ 280 MeV. Therefore, gamma-ray
observations can be used, generally, to determine the shape of
the spectrum of CR protons of kinetic energy exceeding T;h con-
tained in the MCs.

It is definitely less straightforward to infer the energy spec-
trum of the CR electrons contained within the cloud. The SNR
W28 is a bright synchrotron radio source (Dubner et al. 2000),
and this indicates the presence of relativistic electrons and mag-
netic field in the region. Even though the morphology of the
radio emission does not correlate with that of molecular clouds,
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the brightest region in radio roughly coincides with the position
of the northeastern cloud.

In the following, we investigate the possibility that either
CR protons or electrons are the responsible for the enhanced
ionization rate measured from the northeastern cloud. The H;
ionization rate induced by proton and electron CRs could be
obtained as in Padovani et al. (2009) (see also Phan et al. 2018;
Recchia et al. 2019):

Emax
4p(Hy) = fEYvp [1+ ¢p(B)| 0, (EYIE
Emax
+ Ja(E) vp 0ec(E) dE 3)
0
Emax
ZLe(Hp) = Ja(E) ve [1 + ¢(E)] 075, ,(E) dE, 4
where O'fon, Oec, and o7 are the proton ionization cross-section,

the electron capture cross-section, and the electron ionization
cross-section, respectively (see Padovani et al. 2009; Krause et al.
2015, and references therein). It should be noted that, follow-
ing Krause et al. (2015), the two ionization cross-sections are
included in the computation with fully relativistic corrections.
Here, I = 15.603 eV is the ionization potential of H, while ¢,(E)
and ¢.(E) are the average secondary ionization per primary ion-
ization computed as in Krause et al. (2015). In general, the val-
ues of ¢p(E) and ¢.(E) are approximately one within the energy
range that is relevant for ionization and thus secondary elec-
trons would contribute around 50% of the CR-induced ionization
rate.

4.1. Cosmic-ray protons and nuclei

Let us assume that the spectrum of CR protons in the cloud can
be described as a power law in momentum ocp~©+2) as expected
if protons are accelerated at the SNR shock via a first-order
Fermi mechanism. In terms of the particle kinetic energy T}, this
writes:

ot

np(Ty) = Ap (T + myc?) [ T2 + 2Tymyc?| 7, )
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where all energies are in GeV and A, is a normalization factor.
Both A, and the spectral index §, can be obtained by fitting the
gamma-ray data.

Assuming that the observed gamma rays are produced by
proton—proton interactions, the expected gamma-ray flux mea-
sured at Earth would be:

I, max
_Ma f " aniy(Ty)
47rDsman Tr';'i"
dopp(Ty, E,)
dE,

¢(Ey) =

x &(Tp) dT,, (6)

where Jp(T,) = (v/4m)ny(Tp) is the CR proton intensity as a
function of the particle kinetic energy T/, (v is the particle veloc-
ity). Moreover, M, is the mass of the whole cloud (~5 x 10* M,
see Aharonian et al. 2008), m,y, is the average atomic mass of
the gas from the MC (with solar abundance m,, = 1.4m),
Ty is the maximum kinetic energy of the accelerated particle

(its exact value is irrelevant, as long as >100 TeV), and T;)“in is

the threshold energy for n° production in proton—proton inter-
actions. Also, dop,(Tp, E,)/dE, is the differential cross-section
for gamma-ray production and &(T}) is the nuclear enhancement
factor to take into account gamma-ray production from nucleus—
nucleus interaction (both taken from Kafexhiu et al. 2014). A fit
to the gamma-ray data is shown in Fig. 4 (left panel), where data
points are from Aharonian et al. (2008) and Abdo et al. (2010).
The values obtained for A, and ¢, are reported in the first row
of Table 3. Of course, the CRs responsible for the gamma ray
emission are characterized by particle energies in the GeV and
TeV domains, and therefore their contribution to the ionization
rate is negligible (e.g., Morlino & Gabici 2015; Padovani et al.
2009; Phan et al. 2018).

In order to estimate the possible contribution from CR pro-
tons to the measured ionization rate in the cloud, we extrapolate
the power law spectrum obtained after fitting the gamma-ray data
down to the MeV energy domain. In other words, we assume
a spectrum as in Eq. (5) down to an arbitrary particle kinetic
energy T.. We then compute the ionization rate due to CR pro-
tons using Eq. (3) and multiply by a factor = 1.5 to take into
account the contribution from CR nuclei (Padovani et al. 2009).
This allows us to constrain the value of T, so that the ionization
rate falls in the range indicated by the green shaded region in
Fig. 3. The range of values T;"" < T, < T obtained in this
way are reported in Table 3.

There are several reasons to envisage a change in the CR pro-
ton spectrum at certain particle energies 7.. Let us first consider
the scenario where the region of enhanced ionization is upstream
of the shock and the ionizing CRs have already escaped the rem-
nant. In this case, the range of possible numerical values of T,
can be estimated as follows.

1. Cosmic-ray protons have been produced at the SNR shock
Tinj years ago, and since then they have suffered energy losses
(mainly ionization losses) in the dense gas, over a characteristic
time Tion(7Tp), which is proportional to the gas density and an
increasing function of particle energy (see Fig. 2 in Phan et al.
2018). In fact, energy losses can be effective only for particles
characterized by an energy smaller than T, defined as Tjon(7) =
Tinj» because particles of higher energy simply do not have time
to cool. The maximum possible value for i, is of course the age
of the SNR 7,4, =~ 4 X 10* yr (Gabici et al. 2010), which provides
an upper limit for 7. For a typical gas density of ng, ~ 10° cm™
this gives T, < 4 x 10> MeV, which is quite close to the value of
T7** in Table 3.

2. Cosmic-ray protons have to penetrate deep into the cloud
in order to ionize the gas there. If we use 7, to refer to the
time it takes them to reach the center of the cloud moving a
distance L away from the position of the shock, we can esti-
mate T, by imposing Tij,n = 7. The shortest possible pen-
etration time 7, is obtained after assuming that CR protons
move along straight lines at a velocity v ~ /2T./mj,. If we
assume that CR protons have to cross a gas column density of
~3 x 10%2(ny, /103 cm™)(L/10pc)cm™2 we get T, 2 7MeV,
which is a factor of a few smaller than T™" in Table 3.

It should be noted that, in this scenario, the range of possi-
ble values for 7, obtained by means of the phenomenological
consideration made above overlaps very well with the range of
values obtained observationally (Table 3), that is, by fitting the
millimeter and gamma-ray data simultaneously.

Another possible scenario is that the SNR shock has overrun
the region of enhanced ionization, engulfing it with low-energy
CRs which are still inside the shell in the downstream region.
This is similar to the case of the region of enhanced ionization
W51C-E which has been shown to be in the downstream region
of the SNR W51C (see Dumas et al. 2014 for more detailed dis-
cussion). If this is true then we may expect a hardening in the
low-energy part of the spectrum below 7 due to the difference
in spectral features of the escaped CRs at high energy and the
still confined CRs at low energy. However, our understanding of
the escape of CRs from SNR shocks is still quite poor, making
an accurate estimate of the numerical value of 7. problematic.

Independently of the scenario, the important point that needs
to be stressed is that gamma-ray observations allow us to con-
strain the spectrum of CR protons for particle energies above
~1 GeV. Therefore, the explanation of the enhanced ionization
rate requires extrapolation of the proton spectrum only by a fac-
tor of ~3-30 down to lower particle energies.

It follows that the presence of an excess of CR protons char-
acterized by a relatively steep power-law spectrum (6, ~ 2.8)
extending from the MeV to multi-TeV domain can explain very
naturally both the bright gamma-ray emission from the northeast-
ern cloud and the observed enhancement in the ionization rate.

4.2. Cosmic-ray electrons

As stated above, the decay of neutral pions produced in inelas-
tic interactions between CR protons (and nuclei) and the dense
gas in the cloud provides the most natural explanation for the
gamma-ray emission observed in the GeV and TeV energy
domain (see e.g., Aharonian et al. 2008; Nava & Gabici 2013).
Leptonic models where the emission is due to nonthermal
Bremsstrahlung have been shown to be problematic, as they
require the SNR to accelerate the same number of nuclei and
electrons, and only provide a good fit to gamma-ray data if unre-
alistic values of the local magnetic field strength and gas density
are assumed (Abdo et al. 2010).

This implies that the nonthermal Bremsstrahlung emission
from CR electrons must provide a subdominant contribution to
the observed gamma-ray emission. If n.(E.) = Ac(E./GeV) ™%
is the density of relativistic electrons of energy E. inside the
cloud, the expected Bremsstrahlung emission can be roughly
estimated as:

E2ne(E.)V,
ELy(E, ~ E) ~ et EVd ™
B
where
-1
5 ~ 4 X 107(”—‘*_3) yr ®)
cm
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Fig. 4. Left: gamma-ray differential energy spectrum of the northeastern MC (J1801-233). Fermi-LAT and HESS data have been fitted with a
hadronic model (see Aharonian et al. 2008; Abdo et al. 2010, for references). Right: synchrotron emission spectrum observed from the entire SNR
(Kovalenko et al. 1994; Dubner et al. 2000). A fit to data is shown as a dashed line. The maximum contribution from the northeastern cloud is also

shown (see text for details).

Table 3. Fit parameters for the CR proton spectrum and upper limit for
the CR electron spectrum.

Species Ape Ope  TMin — Tmax
(eV~em™) (MeV)

Proton 3.15%x 10717 276 26-320

Electron <6.4x1071 27 <20-130

is the energy loss time due to Bremsstrahlung in a gas charac-
terized by an atomic hydrogen density ny (Aharonian 2004) and
V, is the volume of the cloud.

By imposing that the Bremsstrahlung flux E3Lg/(47D7)

should be significantly smaller than the observed one E%gb(Ey)
we get:

E2ne(E.) < 41D? (T—B) E2¢(E,)myM, ©)
nuy

where we introduced the source distance Dg and the cloud

mass Mg = myngVe. At a photon energy equal to E, =

1 GeV the observed gamma-ray flux is roughly E§¢(E7) R

107 ergem™2 57!, and above such energy the spectrum can be
described by a power law E_* with @ ~ 2.7 (Abdo et al. 2010;
Aharonian et al. 2008). This gives:

E -0.7
Egne(Ee) < 10712 (—e) erg cm™3

GeV (19)

which corresponds to A, < 6.4 x 1079 eV~ ecm™.

We note that the ratio between the intensity of CR protons
and electrons inside the cloud is A,/A. > 50 for particle ener-
gies of the order of 1 GeV, and varies very little for larger particle
energies (because 5, ~ ).

The constraints obtained above on the electron spectrum in
the cloud can be used to estimate the contribution given by such
electrons to the observed radio emission from the SNR. Radio
observations of W28 have been performed in a frequency range
spanning from <100 MHz to several gigahertz. The radio spec-
trum is shown in the right panel of Fig. 4: the flux at 1.4 GHz
is S14 ~ 2461y, and the radio spectrum can be described by a
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power law S, o v™® with @ ~ 0.35 (Dubner et al. 2000). Even
though the radio emission is observed from a region which is
spatially more extended than the northern cloud, the radio bright-
ness roughly peaks at that position. Therefore, it is natural to ask
whether a contribution to the radio emission might come from
relativistic electrons located inside the cloud.

Electrons of energy E emit synchrotron photons of frequency
(Aharonian 2004):

o E Y B \( Ee Y
~y./3="2= ~0.2 ( ) GHz,
Ve Vel 2 (mecz) (40yG) GeV “

where v, is the critical synchrotron frequency, €; the non-
relativistic Larmor frequency, and mec®> the electron rest
mass energy. This implies that the observed radio emission
is produced by electrons of energies in the range 0.1 <
(E./GeV)(B/40 uG)!/? < 10. Electrons of such energies emit
Bremsstrahlung in the Fermi energy domain.

The value of the magnetic field in cloud B has been nor-
malized to what is expected from the observational relationship
B = 10(n/100cm~3)*3 uG between the cloud magnetic field
and the density of the gas (Crutcher 1999). For the northeast-
ern cloud, Aharonian et al. (2008) estimated a gas density equal
ton ~ 1.4 x 103 em™3, which would give B ~ 37 uG.

The upper limit on the CR electron spectrum obtained above
(Eq. (10)) can now be used to estimate the maximum contri-
bution to the observed synchrotron emission coming from the
northeastern cloud. This is shown in the right panel of Fig. 4.
The contribution is subdominant at all frequencies. This implies
that the radio emission is largely produced by electrons located
outside the cloud.

Therefore, it is not at all straightforward to estimate the pos-
sible contribution of CR electrons to the ionization rate in the
cloud. Even though we do not know the spectral slope . and
normalization A. of the CR electrons inside the MC, we have
obtained an upper limit for the latter value from gamma-ray
observations (see Table 3) which applies to electrons of parti-
cle energy above ET" ~ EJ' ~ 0.2GeV. Electrons of energy
larger than E™" and characterized by an intensity well below
the upper limit reported in Eq. (10) would produce an ioniza-
tion rate of the order of <1.4 x 10716s~! (the upper limit for
the electron-induced ionization rate is calculated using Eq. (4)).

)
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Therefore, as one can easily see from Fig. 3, electrons of energy
exceeding E7"" cannot explain the observed ionization rate in the
cloud.

An extrapolation of the upper limit electron spectrum to
much lower particle energies might possibly result in a value
of the ionization rate comparable with observations. Using again
the upper limit for A, together with a spectral index of §¢ =~ 2.7,
which is quite steep and therefore maximizes the impact of
electrons, we find that values of 7. well below 20-130 MeV
are needed in order to match the observed ionization rate (see
Table 3). However, the validity of such an extrapolation is ques-
tionable since the spectral index for electrons is not as well con-
strained as that of protons.

Even though we cannot reach a firm conclusion, explaining
the excess in the ionization rate with CR protons is very natural
(Sect. 4.1) and therefore the hadronic scenario remains, in our
view, the preferred one.

4.3. Constraints from the 6.4 keV line emission

Interestingly, the SNR W28 is also observed by Suzaku in the
Fe I Ka line emission and quite recently Nobukawa et al. (2018)
found that there is an excess of this emission from the cen-
tral region of the remnant with intensity I¢%, ., = (3.14
0.43) x 1078 cm™2 57! arcmin™2 compared to the background of

the Galactic ridge X-ray emission IgikeV = (2.33 £ 0.29) x
1078 cm™ 57! arcmin™2. These latter authors concluded that this
excess emission is produced by the interaction of MeV CR pro-
rons from the SNR with the ambient cold gas. However, this
explanation seems quite puzzling since it would require a rel-
atively high column density of gas comparable to that of the
molecular cloud in the northeastern part of the remnant (Ny, =~
10%2 cm™2). However, the region of enhanced emission as defined
in Nobukawa et al. (2018) and the TeV gamma-ray contour by
HESS (respectively the area enclosed with the dashed blue line
and the green contour in Fig. 2) do not overlap. It should also
be noted that an earlier analysis of Suzaku data performed by
Okon et al. (2018) found a region of enhanced Fe I Ke line emis-
sion at a different position (centering around the NE source).
Since the position of the enhanced emission varies for different
analyses, it is difficult to investigate its origin.

Nevertheless, the Fe I Ka line emission is quite an informa-
tive channel for the study of low-energy CRs and could also be
used to put some constraints on the CR spectra. In particular, the
total flux coming from the excess measured by Nobukawa et al.

(2018) can be computed as Fex = AJUI, .y — ]Zikev) where

A9 ~ 15% arcmin? is the extension of the excess region. Such a
flux, if produced by CR protons in the northeastern cloud, would
have been detected.

The nondetection of the iron line from the northeastern cloud
can be used to impose an additional constraint on the param-
eter T, introduced in Sect. 4.1. The intensity of the Fe I Ka
line emission from the region of the molecular cloud can be
calculated as:

Mcl

— 12
47 D2 Mgy (12)

Feaxev = f dT o ko (T)AnJi(T),
T.

where oo (T;) is the cross section of the Ka line emission
(Tatischeff et al. 2012). A lower limit for 7, can be obtained
by imposing Fgaxey < Fex. This gives T, > 30MeV, which
is consistent with the range of possible values of T reported in
Table 3.

5. Discussion and conclusion

Here, we derive constraints on the CR proton and electron spec-
tra in the region of the SNR W28. The gamma-ray emission from
the MCs in the region demonstrates that an excess of CR protons
is present there. The present study focuses on the northeastern
cloud, which is interacting with the SNR shock.

Vaupré et al. (2014) tentatively proposed that the excess of
CR protons in the region might also explain the enhanced ion-
ization rate observed from the northeastern cloud. However, CR
electrons and/or X-ray photons coming from the SNR shock can
also contribute to the ionization.

Here, we develop a model for the transport of X-ray pho-
tons into the cloud and demonstrate that their contribution to
the observed ionization rate is negligible. Moreover, even though
we cannot completely rule out CR electrons as the main ioniz-
ing agents, we show that the most natural explanation for the
enhanced ionization rate is explained in terms of interactions of
CR protons.

To explain both the gamma-ray emission from the cloud and
the enhanced ionization rate, the spectrum of protons in the cloud
must extend to particle energies smaller than those constrained
by gamma-ray observations (*1 GeV). However, an extrapola-
tion of the spectrum of an order of magnitude only in particle
energy would suffice to explain both high- and low-energy obser-
vations. This makes protons the most plausible dominant ioniz-
ing agents inside the cloud.

The minimal scenario that would simultaneously explain
high- and low-energy data would require the presence of CR
protons characterized by a single power-law spectrum of slope
0p ~ 2.8 extending over a very broad energy range, spanning
from T, < 100MeV up to several tens of TeV: almost six orders
of magnitude in energy. In fact, the presence of a spectral break
cannot be ruled out below a particle energy of ~1 GeV because
the ionization rate depends only on the integral of the CR spec-
trum over particle energy. The presence of a break would require
modification of the value of T, accordingly in order to correctly
reproduce the observed ionization rate, but this would not affect
the main conclusion of our study in any significant way.

The work presented in this paper shows how the combination
of high- and low-energy observations of SNR/MC systems can
be used as a very powerful tool to gather information on the CR
spectrum at specific locations in the Galaxy over an energy range
of unprecedented breadth. More studies in this direction are
desirable, as they will shed light on the process of CR accelera-
tion and escape from SNR shocks (Gabici & Montmerle 2015).
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