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ABSTRACT

Context. The presence of neutral hydrogen in the shock proximity gharthe structure of the shock anfiieats the spectra of
particles accelerated through the first-order Fermi mesharThis phenomenon has profound implications for therprtgation of
the multifrequency spectra of radiation from supernovarnants.

Aims. Neutrals that undergo charge exchange with hot ions doearstiof the shock may result in fast neutrals moving towarels th
upstream gas, where they carffeu additional charge exchange or ionisation reactionsebyedepositing energy and momentum
upstream. Here we discuss the implications of this neugtairn flux, which was already predicted in our previous wankneutral
mediated supernova shocks, and show how the spectra okeatesl particles turn out to be appreciably steeper anthereby
affecting the gamma ray spectra from supernova remnants imajearel from Tycho specifically.

Methods. The theory that describes non-lineaffdsive shock acceleration in the presence of neutral hydrbge been developed in
recent years. Here we use a semi-analytical theory devéliogerevious work and specialise our predictions to the chglee Tycho
supernova shock, where there is evidence from gamma rayvaltieas that the spectrum of the parent cosmic rays is stebpn
expected from the traditional theory offiisive shock acceleration.

Results. We show that, if the fraction of neutral hydrogen in the viigiof the Tycho supernova shock is, as suggested by obsmmsat

~ 70— 90%, then spectra of accelerated protons steeperdtfamay be a natural consequence of charge exchange reactibiisean
associated neutral return flux. The spectral shapffastad by this phenomenon for particles with energies bel@@0- 1000 GeV,
for which the difusion length is less than or at most comparable to the pajthiiexf charge exchange and ionisation upstream of the
shock.

Key words. acceleration of particles — cosmic rays — Balmer emissioNR:Sycho

1. Introduction achieve maximum energy in the PeV region (within a few tens
. of years after the explosion), while standard SNe type la, ex
Based on energetic grounds, supernova remnants (SNRej re loding in the interstellar medium (ISM), can only reach max
sent the most likely sources of Galactic cosmic rays (CRS) (S m energy around a few hundred TeV. Realistic estimates of
Blasi,|2013, for a recent review). The kinetic energy of the €the maximum energy may béected by damping processes.

anding shell is expected to be partially converted to CR en- . . .
b 9 P P y In general, the spectrum of accelerated particles is predlic

ergy by means of diusive shock acceleration (DSA), as pre: . .
dicted by the non-linear theory of DSA (NLDSA) (see Blasit® have a concave shape as a result of the dynamical reaction

2013, and references therein) and as seen in numerical sifjaccelerated paortlcles on the shock, although for acatter
lations of the formation of non-relativistic collisionteshocks MCieNncy of~ 10%, the concavity is rather mild. As aAresuIt,
(Caprioli & Spitkovsky, 201448,c). While the energy conve € SPectrum remains quite close to being a powerlaw”, at

sion eficiency does not appear to be particularly problematit€ast for strong shocks. This prediction has been noted fa be
the ability of standard SNRs to accelerate particles togeaser some friction W!th the spectra of gamma rays from SNRs as de-
Ihat resemble the knes, (1~ ) x 10° Ge\. i all but . (150 BY FermiLAT Caprl, 2011, T fcton nao oese |
ial for assessing at the present time. Magnetic field am;ahflcSNRS (De Palma et hl., 2015). where the slopes of the gamma

tion plays a crucial role in this discussion: reaching high e .
ergies requires amplification to occur in the the so-call@ @Y Spectra of the SNRs detected by Fermi-LAT have been char-
acterized in terms of dierent observables. It is clear from these

driven regimel(Bell;_ 2004), but in this case the conditioms i tions that th ra i inlv ab
which the supernova explosion occurs seem to determine hgigpervations that the gamma-ray spectralie mainly a olopa s
high the maximum energy can be. For instance, Schure & BEll (in energy) with a few exceptions (most likely these are the

(2013/2014) and Cardillo, Amato & Blasi (2015) point outtthac2S€S Where the gamma ray emission is predominantly leptoni
only core collapse supernova (SN) explosions taking plated In origin).

wind of their pre-supernova red giant parent star couldiphss ~ Spectra steeper than the ca}nonipa‘} are not easy to ac-
commodate in the context of either the test particle thedry o

* email: giovanni.morlino@gssi.infn.it diffusive shock acceleration (DSA) or in terms of its non-linear
** email: blasi@arcetri.astro.it extension (NLDSA). It has been proposed (Caprioli, 2012j th
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in cases where magnetic field amplification is veffycient, the the spectra of accelerated particles. In this paper we skisttiis

velocity of the scattering centres may be substantiallygased possibility in a more quantitative way.

with respect to the standard Alfvén speed (however, foregs The paper is structured as follows. §&@ we summarize the

derivation of the velocity of scattering centres see Bykoale, physical aspects of the neutral induced shock modificatieh a

2014) and that the spectra of accelerated particles magbpet we outline the theory of NLDSA when both the dynamical reac-

as a consequence of the larger compression factor of the-velgon of accelerated particles and neutrals is taken intow@et In

ity of scattering centres between upstream and downstréam§8 we illustrate the main implications of this theoreticarfre-

the shock. Although this solution is viable, it is rather rabde-  work for the gamma ray emission from the Tycho SNR. We con-

pendent and relies on poorly known aspects of the microipsiysclude in§4l.

of the acceleration process. Moreover, at present, no diiett e

has ever been seen in simulations of the acceleration [raoes

the other hand, including the velocity of the scatteringtigs) 2. Particle acceleration in the presence of neutral

though in a phenomenological way, has been shown to be ablehydrogen

to reproduce the multifrequency observations of the TydiR S

surprisingly well (Morlino & Caprioll , 2012). We notice, @  The structure of a shock in the presence of neutral hydrogen h

ever, that the same-ray emission has also been explained iheen investigated by Blasi et/al. (2012), where the authists a

terms of a complex morphology of the emission region aroumliscuss the acceleration of test particles at a shock mddifje

the shocki(Berezhko et al., 2013). the neutral gas. The essential physical element of the yhisor

t neutral atoms can cross a collisionless shock witheelt f

the discontinuity developed by thermodynamical queas;

while the ionized gas is slowed down and heated up at the shock

the other hand, neutrals are coupled to the backgrousd ion

rough charge exchange and ionisation reactions: neutsal

The presence of neutral hydrogen in the shock region HR&
also been shown to lead to steeper spectra of acceleratid p
cles (Blasi et al!, 2012), at least at energies low enougdtttiea
diffusion length upstream of the shock is smaller than the p

length for charge exchange and ionisation reactions. Tdridie 2" .
9 9 9 do form a collisional shock on spatial scales that are clogbe

tion is most easily fulfilled for shock speeds below 300010 R X
km/s. This dfect, originally predicted in the context of a tespa;gllse?%gﬁgngharge exchange (CE) and ionisation, tyfgical

particle theory of particle acceleration, was later inelddn a

non-linear theory of diusive shock acceleration (Morlino et al., A neutral atom crossing the shock front carffsua CE re-
20138). action with a hot (slower) ion downstream of the shock. There

) ) ) ) ) is a finite probability that this reaction gives rise to a fastitral

In this paper we aim at applying this theory to derive thgiom moving towards the shock front (from downstream to up-
gamma ray emission from the Tycho SNR foffefent levels stream). Such an atom can recross the shock front and ellgntua
of neutral hydrogen density in the shock region. As disalissgeposit energy and momentum upstream, a phenomenon that
above, Tycho is one of best known cases in which spectra\gé refer to as the neutral return flux (NRF). This phenomenon,
accelerated particles appreciably steeper tBah have been first found byl Blasi et al.[(2012), is responsible for the farm
inferred from gamma ray observations (Giordano etal., 201n of a neutral induced precursor, where the gas temperatu
Acciari et al! . 2011). Some recent gamma-ray observatigns § higher and the gas is slower than the same quantities at up-
Veritas seem to suggest a spectral steepening (or evenfcutQream infinity. The neutral return flux leads to a weakening o
at gamma-ray energies of TeV. A rather steep spectrum of acne collisionless shock, so that test particles accelerttere
celerated particles in Tycho has also been inferred fromesam gjfysively are forced to have a steeper spectrum, provided thei
dio observations: the measurgrznczants of Kothes =i al. (20@6) Senergy is such that their path length does not exceed theehar
gest an electron spectrumE~>22% in the 1~ 10 GeV range, exchanggionization path length (Blasi etlal., 2012). The cross-
although a somewhat harder integrated specteur, >, was  sections of these processes are such that fféstds especially
previously obtained by Katz-Stone etlal. (2000). important for shock speetl4000 knjs.

The Tycho SNR originated in a type la SN, and it is The non-linear generalisation of the theory, in which both
probably expanding in the warm neutral phase of the ISMeutral atoms and accelerated particles are allowed tofynibie
In fact the detection of Balmer-dominated shocks with emishock structure, was presented /by Morlino etial. (2013ag Th
sion seen in k& from the eastern and northern limbs revealgasic aspects of the shock phenomenology discussed above re
the presence of a large amount of neutral hydrogen, clos@in qualitatively valid, but the situation becomes apjaiely
to ~ 80% (Kamper & van den Bergh, 1978; Ghavamian et almore complex: first, the dynamical reaction of acceleratd p
2000). Recently, Williams et al. (2013) have found evideote ticles is responsible for the usual CR induced precursogseh
an overall gradient in the ambient density surrounding ®ychsize is close to the fusion length of the highest energy parti-
with densities~ 3 - 10 times higher in the northeast region thasles, ~ D(Pmax)/Vsh, WhereD(pmax) is the difusion codicient
in the southwest region. This large density gradient isitasal at the maximum momentummay, calculated in the amplified
tively consistent with the variations in the proper motidrttee  magnetic field. This, by itself, is a very non-linear quanfithe
shock observed in radib (Reynoso etlal., 1997) and X-rayestudnon-linear dynamical reaction of CRs on a collisionlessckho
(Katsuda et al.|, 2010). For an estimated distance betwead 2 Aas been discussed by many authors |(seel Blasi/ 2013, for a re-
3 kpc, the measurements of the proper motion return an aweragnt review and a list of references). The main consequerices
shock speed 4000- 5000 km s?, while in the northeastern these non-linearféects are the appearance of concave spectra
region the shock speed drops+02000— 3000 km s. These and magnetic field amplification as due to streaming instgbil
considerations suggest that the morphology of the emiggion  Neutral atoms upstream of the shock react to the slowing
gion in the Tycho SNR might be rather complex, despite the typown of the ionized gas througfffective CE in the CR induced
la nature of this remnant. For instance, if an apprecialletion precursor, before entering the downstream region, wheze th
of the gamma ray emission were to come from the northeast®&RF originates as discussed above. Neutral hydrogen oitera
limb, the presence of neutral hydrogen would substantéiact  with ions through CE and ionization and with electrons tiyiou
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ionization alone. The hydrogen distribution functiofy(v, 2), 3477 N P i
can be described using the stationary Boltzmann equation 300/ Dashednozo'l °m3 ]
(v 2) : // \\\ Solid: np=1.0 cnT ]
o = B i) — [+ Bel fu(v.2). W 3% Po=okG ]
3 2.8/ N &nj=3.7 ]
wherez is the distance from the shock (which is located at th€ | e NN ]
origin), v is the velocity component along tleaxis and the g 2'6f NN =080 ]
electron and proton distribution function(v,2) and fe(v,2), ~ 54" .- T - v . fn=0.7C
are assumed to be Maxwellian at each position. The collision | fn=0.60 ]
terms gk f|, describe the interaction (due to CE Amdonization) 2.2 ]
between the specidsandl. The interaction ratg is formally 20 } 1
written as T

A2 = [ g o) w2, 2 Ve (k]

wherev,¢ = [v—w| ando is the cross section for the relevant inFig. 1. Slope of the gamma-ray spectrum produced by pp colli-
teraction process. More precisey; is the rate of CE of an ion Sions in the energy band-1.0 GeV forng = 1 cnm? (solid lines)
that becomes a neutrg, is the rate of CE plus ionization of a@ndno = 0.1 cni® (dashed lines). From top to bottom, the lines
neutral due to collisions with protons, whik is the ionization for each case refer to neutral fractifp = 0.8, 0.7 and 0.6.

rate of neutrals due to collisions with electrons. A full ciés-

tion of the cross sections used in the calculations can bedfou K in th | . Following Blaai
in (Morlino et al.| 201?). to take part in the acceleration process. Following Blaailet

The dynamics of the background plasma fieeted by the (2005),77inj can be related to the subshock compression factor as

presence of accelerated particles and by CE and ionizafion o 3 2

neutrals. Protons and electrons in the plasma are assumedinic™ 4/ (3 \/;) (Rsup— 1) &y (8)
share the same local density(z) = pe(2), but not necessarily
the same temperature, i.€;(2) may be diferent fromTq(2). The
equations describing the conservation of mass, momentuouin,
energy taking the interactions of the plasma fluid with CRs in
account are

Hereé&iy; is defined by the relatiopiy = &injPth2 , Wherepp2

is the momentum of the thermal particles downstream,&d
parametrizes the poorly known microphysics of the injectio
process and is taken as a free parameter with a typical value b
tween 2 and 4. We notice that a similar value has recently been
0 inferred from the numerical simulations of Caprioli et 2015).

oz loith +pun] =0, (3) The calculations presented by Morlino et al. (2013a) cansis
of an iterative procedure that allows one to solve simulbaiséy

1 5 B the hydrodynamical equations for the gas made of ions and neu

oz [p. Ui+ Py + Pe + Py + PN] =0, ) tral atoms (Eqg4.]1815), the Boltzmann equation for neutieinest
coupled to ions through CE and ionisation (Ejg. 1), the trartsp

0|1 5 vgPgui _ 0P equation for accelerated particles (E. 7), and the trahepoa-

0z [Ep' U+ yg—1 +Fw+ Py = _U'E + Py () tion for the waves generated by accelerated particles ¢frou

streaming instability. We refer to the paper by Morlino et al
Here uy = med3W||fN, Py = med3WﬁfN and Fy = (2013a) for the mathematical_details of the theory, whileehe _
m /Zfd:;w (2 + ) fy are the fluxes of mass momentum V€ concentrate upon the choice of the parameters’ valués sui
H Y )N ' able for the Tycho SNR that may allow us to find a reasonable fit

and energy of neutrals along taelirection, respectively. They (4 the spectrum of gamma rays from this remnant, after taking
can be computed easily once the neutral distribution fonds pion production and decay into account.

known. In Eq[b,Py, is the pressure in the form of waves, dnd
is the rate of damping of such waves. In the same equéa®iois,
the CR pressure computed from the CR distribution function: 3, Results

P(2) = Ar dp pV(p) fe(z. p) (6) The iterative calculation outlined in the previous sectluas
av = g PPVP)Telz P) - been carried out for the case of the Tycho SNR, with a few

) o ) important diferences with respect to the method illustrated by
The latter is known once the distribution function of accated |\iorfing et al. [2013a). First, we use the amplification sckem

particlesfc is calculated from the transport equation: proposed by Béll (2004) for the turbulent magnetic field et t
9 af. of. 1du of. the strength of amplified field is assigned as
%2 D(Z,D)E U Y3 6—+Q(Z,p)=0- (7) Ven

P 6B = ner(> E)E?, 9)

Thezaxis is oriented from upstream infinitg € —co) to down-

stream infinity £ = +oo) with the shock located & = 0. We wherencg(> E) = fp‘x’ 4np?f(p)dp is the integral spectrum
assume that the injection occurs only at the shock positiwh go particles accelerated at the shock, calculated usingdhe

is monoenergetic g = pir, SO the injection term can be writtenjon of the transport equation at the shock. This presanipte-
asQ(z p) = Qo(P)d(2) whereQo(p) = (7injN1/47P5;)5(P — Pinj)-  turns a magnetic field upstream of the shock that is indepeinde
Heren; is the number density of ions immediately upstream aff the pre-existing magnetic field. Aféiérent recipe for satura-
the subshock, angly; is the fraction of particles that is goingtion of the instability was proposed by Riquelme and Spigtgv
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(2009). Such a prescription typically leads to an amplifiedym -1

netic field 6B that is weaker that the one returned by Elh. 9.

MoreoversB retains a weak dependence on the value of the prés _5!.

existing magnetic fieldy. The growth of non-resonant modesZ
is expected to proceed very fast in the upstream region of t&

shock and eventually slow down, while the scale of the unste% =37

ble modes approaches the Larmor radius of the particlesein thz

current generating the instability. Given the fast risehef in- % ) ]
stability and the non-Alfvenic nature of the excited modas, ¢

our calculations we neglected damping (fe= 0 in Eq.[5). X i fn=0.7¢

The detailed analysis of the growth of the non-resonant mod® -5 fx=0.8C ]

in a partially ionized medium carried out by Reville et alD0Z)
suggests that for reasonable values of the parametersdtze in
bility is not quenched. We assume that th&dion codicient

is Bohm-like, withD(p) = 2v(p) 5.

—_6L—

~
S~
-
—_—
~

Vsn=2500 kns |

no=1.5cnm? ]

d=3.3 kpc
Be=0.1

2 3

Log [p/mpc]

Second, since our main purpose is to illustrate tfiect of
neutrals in the shock region rather than providing a detdiléo Fig. 2. Spectra of protons accelerated at the northeastern limb
observations, in the calculations below we assume thatrefex of the Tycho SNR for a shock velocity, = 2500 knjs and
and ions are in thermal equilibrium upstream of the shdgks( upstream total density, = 1 cnT3. The three lines refer to neu-
Te), while downstream of the shock we assume faat To/T; ~ tral fraction fy = 0.8 (solid line), fy = 0.7 (dashed line), and
0.1. This choice appears to be in good qualitative agreement wiy = 0.6 (dash-dotted line). A cufbin the spectra of acceler-
observations when the shock speed i$000 km s* (see e.g. ated protons at 10 TeV is used and reflects the non-resonant
Ghavamian et all.| (2013) for a review and Morlino (2014)) anahagnetic field amplification of magnetic field, as studied leyl B
also with results from PICS simulations (Park etlal., 20Y%9. (2004).
also notice that values ¢f, that are below 0.1 do not change
our results, while if3, approaches unity, the ionization rate of
neutrals due to electrons increases and tfeceof the NRF is vsy, = 2500 ks, and we calculate the spectrum of gamma radia-
reduced. tion from pp collisions for dferent values of the neutral fraction
The solution of the equations described in the previous sdg- For a shock velocitys, = 2500 knjs, the upstream ampli-
tion provides us with the complete shock structure, ineilgdhe fied field turns out to béB ~ 4uG, and the maximum energy
distribution function and hence the NRF. As pointed out &hovof accelerated particles is 10— 50 TeV (depending on whether
the slope of the spectrum of accelerated particles in theepiee the condition on finite acceleration or finite extent of the up
of NRF and dynamical reaction of accelerated particlesimeso stream is used). In the calculations we &sgx = 10 TeV, since
a function of energy. At energies that are low enough for tfie dit turns out to describe the preliminary data recently redebby
fusion length to be smaller than the @ihization path length VERITAS (Park! 2015).
upstream of the shock, the spectrum is expected to become ap-t is worth recalling that the maximum energy is mainly af-
preciably steeper tha&2. Figure[l shows the slope of thefected by the value of the amplified magnetic field upstream of
gamma-ray spectrum produced by accelerated hadrons throtige shock, while depending weakly on the magnetic field down-
pion decay in the gamma ray energy rangelD GeV as a func- stream. On the other hand, the latter is very important fer th
tion of the shock velocity fony = 1 cnm2 (solid lines) andy = multifrequency emission of the remnant. This means that our
0.1 cn3 (dashed lines). For each of these two cases, from boticulations can only impose a lower limit ef 20uG to the
tom to top the lines refer to neutral fractiofis = 0.6, 0.7, and downstream magnetic field. However, additional instabait
0.8, in line with the values inferred hy Kamper & van den Bergbuch as the one proposed|by Giacalone & Jokipii (2007), could
(1978) and_Ghavamian et al._(2000). In these calculations fether amplify the downstream magnetic fieléfegting the syn-
assumed an injection paramefgy = 3.7, which returns accel- chrotron emission of electrons, but leaving the maximumgne
eration dficiencies of~ 10%. (To be more precise th&ieiency estimated above rather ufiected.
increases from few percent fag, = 500 km s* to ~ 20% for In Fig.[2 we show the spectra of accelerated protons for
Vsh = 4000 km s1.) fy = 0.6 (solid line), fy = 0.7 (dashed line), andy = 0.8
Increasing the density of the background gas leads to(dash-dotted line). The slightly fierent normalisation reflects
shorter path length for CE reactions, so that tiffiec of the the fact that varying the neutral fraction induces a noedirre-
return flux is limited to lower energies, which is reflectedhe action that reduces the acceleratidhicgency. The spectra are
lower curves (solid lines) in Fill 1. At any given energy, &w easily seen to be rather steep at energies below a few hundred
ing the density leads to steeper spectra. At any given shpmsds GeV, while hardening at higher energies: the steeper spaotr
and total density, thefiect of the NRF increases, as expectedhe consequence of the NRF but, as discussed above, this ef-
for a larger neutral fractioriy, so that the spectrum of accelerfect gradually vanishes when theffdision length of particles
ated particles becomes steeper. At low shock speeds, ths-crbecomes comparable with the ionisation length of neutsals,
section for CE reactions is large enough to warrant a sutigtanthat atE > 1 TeV the spectra show the concavity that is typical
NRF, so the spectrum of accelerated particles is prediotéet of CR modified shocks. Clearly the gamma ray emission reflects
steeper thaE~2. At a shock speed above 3000 jenthe cross this shape, as shown in Flg. 3, where the curves are labedled a
section for CE starts dropping, so the strength of tfiect de- in Fig.[2.
creases. The standard slope of the spectrum of acceleratitd p  Data points are from Fermi-LAT (Giordano et al., 2012)
cles is eventually recovered for shock spegd: 4000 knjs. (diamonds) and VERITAS (Acciari et all , 2011) (circles).€Th
In the following we limit our calculations to the case of a gashaded area represents the preliminary data recentlynpeese
density upstream of the shook = 1 cnm3 and a shock velocity by the VERITAS collaboratiorl (Park, 2015). One can see that
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As discussed above, this amplified field would have little im-
pact on the maximum energy (if anim.x would slightly in-
crease) but would increase the radio emissivity and lingtith

w 1 Acciari et al(2011) E verse Compton contribution to the observed gamma ray emis-
«E _______ sion). The best way to check the correctness of this ans&tz is
O measure the spatially resolved spectrum of the radio eomissi
E 01 | and test the possibility that the radio spectrum is steapéréd
- VERITAG NE region. Th(=T only attempt to carry out a spatially resolved
% ICRC 2015 spectral analysis from Tychp (Katz-Stone et al. , 2000) joiex
~ ; results that are not conclusive.
Y 0.01 ]

N 4. Conclusions

108 10° 1000 10"t 102 108 10 Itwas first shown by Blasi et al. (2012) that the presence of ne
E [eV] tral hydrogen in the acceleration region _of SNRs may stpngl
affect the spectrum of accelerated particles. Thect is the
Fig.3. Spectra of gamma rays from production and decajysghest for shock velocities 4000 knis for which the path
of neutral pions for the proton spectra shown in Fiy. 2. THength for CE and ionisation are short enough to allow for the
data points show the results of Fermi-LAT _(Giordano et aldeposition of energy and momentum back in the downstream
2012) (diamonds) and Veritas (Acciari etlal. . 2011) (cis¥le plasma caused by the NRF. For this phenomenon tdibetive,
The shaded area represents the preliminary data recemtly pinese processes must take place on spatial scales thatallersm
sented by the Veritas collaboration (Park, 2015). than the difusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR ep®rgi
< 1 TeV. If the NRF deposits energy and momentum upstream,
for reasonable values of the neutral fraction, the spestoge the shock is weakened and the spectrum of accelerated parti-
of accelerated particles is2.2 as required by gamma ray obsereles steepens. At high enough energies, the standard smeatr
vations but also, maybe in a more compelling manner, by radidSA is recovered. The non-linear theory of particle aceien,
observations. The possibility that the spectrum of gamma rawvhere both the NRF and the dynamical reaction of accelerated
may reflect the presence of neutral hydrogen in the accidaratparticles are taken into account, was presented by Morliad e
region relies on the assumption that there may be regiorteof {20134).
Tycho SNR where the shock is appreciably slower than average In this paper we applied this theoretical framework to the
(possibly as a consequence of higher ISM density as inferrfgcho SNR. We built upon previous claims that some regions
by Williams et al.| 2013). This also implies that the bulk bét of the Tycho SNR shock may be moving appreciably slower
gamma ray emission, at least at enerdigss 100 GeV, is ex- than the average velocity (Reynoso etlal., 1997; Katsudalet a
pected to be produced in such a region of slower shock mot2810), and we pointed out that the spectrum of accelerated
in a denser, partially neutral gas. particles in such regions may be steeper than the canonical
To reflect these requirements, we assumed here that abotit expected from DSA. This also reflects in steeper gamma
half of the shock is expanding in a denser medium with densitgy spectra, which compare well with data from Fermi-LAT
no = 1.5 cnt3. While a detailed fit to the data would have re{Giordano et all, 2012) and Veritas (Acciari et al. , 2011).
quired also taking the gamma ray emission into accountfrmmt  The existence of spectra of accelerated particles that are
other half of the remnant, we decided here to avoid such a costeeper than expected are rather widely accepted now (fiapri
plication since it is not our purpose to achieve a quantigdit to  12011;De Palma et al., 2015) and a generic explanation of such
the data. Nevertheless, the question remains of whethiinign findings is necessary. Explanations of the steeper speuiger
the calculation of the gamma ray emission to half of the rerfrom morphological considerations (see Berezhko et al1320
nant may be consistent with observations from Tycho at othier a specific application to the Tycho SNR) to speculations
wavelengths. The gamma ray emission from the faster regiahout the velocity of scattering centres (Caprioli, 20thce
of the remnant is expected to have a harder and concave shygepresence of neutral hydrogen is quite widespread in the
(if no attempt is made to introduce the velocity of the scatte Galaxy, it seems plausible that the steeper spectra oferetet!
centres) and a lower normalisation because of the lowergas dparticles may be due to the neutral induced precursor, as dis
sity. On the other hand, the CR acceleratifiiceency might be cussed above. This possibility can be tested by using dlgatia
somewhat higher because of the faster shock motion, althougsolved measurements of the radio spectrum, which may show
it is unlikely that this éiciency can become higher than20% the existence of electrons with harder spectra where theksho
because of the various self-regulation processes thatplake is faster (and the NRF is suppressed) and steeper spectra whe
during the acceleration process. the shock is slower. For closer SNRs, where spatially resblv
Observations in the spatially integrated radio emissi@mse gamma-ray observations may be possible, a similar test ean b
to suggest that the electron spectrum in+®eV energy region performed in the gamma ray band.
is somewhat steeper th&r? (Kothes et al. | 2006). However,
the morphology of the radio emission shows that the slower
region of the remnantis about twice as bright as the fastgome '\J&:cknowledgements
thereby suggesting that even the radio emission could be done are grateful to E. Amato for a careful reading of the
inated by electrons accelerated in the region where nelagral manuscript and continuous insightful conversations. Viéeatso
drogen is present. This scenario requires that the madfiedtc thankful to the referee, Don Ellison, for raising severdkin
downstream of the NE region of the shock be amplified due #sting problems with the initial version of the manuscriftis
hydrodynamical instabilities (e.g. Giacalone & JokipiD(%)). work was partially funded through Grant PRIN-INAF 2012.
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