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ABSTRACT

The radio evolution of, so far the youngest known, Galactic supernova remnant (SNR)
G1.9+0.3 is investigated by using three-dimensional (3D) hydrodynamic modeling and
non-linear kinetic theory of cosmic ray (CR) acceleration in SNRs. We include con-
sistent numerical treatment of magnetic field amplification (MFA) due to resonant
streaming instability. Under the assumption that SNR G1.9+0.3 is the result of a
type Ia supernova explosion located near the Galactic centre, using widely accepted
values for explosion energy 1051 erg and ejecta mass 1.4 M⊙, the non-thermal contin-
uum radio emission is calculated. The main purpose of the paper is to explain radio
flux brightening measured over recent decades and also predict its future temporal
evolution. We estimate that the SNR is now ∼ 120 years old, expanding in ambi-
ent density of 0.02 cm−3 and explain its steep radio spectral index only by means of
efficient non-linear diffusive shock acceleration (NLDSA). We also make comparison
between simulations and observations of this young SNR, in order to test the models
and assumptions suggested. Our model prediction of a radio flux density increase of
∼ 1.8 per cent yr−1 during last two decades agrees well with measured values. We
synthesize synchrotron spectrum from radio to X-ray and it fits well VLA, MOST,
Chandra and NuSTAR measurements. We also propose simplified evolutionary model
of the SNR in gamma-rays and suggest it may be a promising target for gamma-
ray observations at TeV energies with the future generation of instruments like CTA.
SNR G1.9+0.3 is the only known Galactic SNR with the increasing flux density and
we present here the prediction that flux density will start to decrease approximately
500 years from now. We conclude this is a general property of SNRs in free expansion
phase.

Key words: acceleration of particles – (ISM:) cosmic rays – hydrodynamics – ISM:
individual objects: G1.9+0.3 – (ISM:) supernova remnants – radiation mechanisms:
non-thermal

1 INTRODUCTION

A potentially young shell type Galactic supernova rem-
nant (SNR) G1.9+0.3 was identified for the first time by
Green & Gull (1984), from Very Large Array (VLA) obser-
vations of a sample of small-diameter Galactic radio sources.
The interest in this SNR has increased after the work of
Reynolds et al. (2008) and Green et al. (2008) who deduced
that G1.9+0.3 is of order 100 years old and therefore, the
youngest SNR in the Galaxy. Based on extremely high ab-
sorption, they placed G1.9+0.3 near the Galactic centre

⋆ Contact e-mail: marko@math.rs

(GC), at a distance of about 8.5 kpc, where the mean di-
ameter would be about 4 pc, and the required expansion
speed about 14,000 km/s 1. Roy & Pal (2014) propose a
lower limit on its distance from Sun as 10 kpc, based on
GMRT measurements of absorption by known anomalous
velocity features near the GC.

According to Reynolds et al. (2008), the synchrotron-
dominated X-ray spectrum clearly indicates that effective
particle acceleration takes place, at least for electrons, given
the very high shock velocities and low ambient densities.

1 Derived from both expansion proper motions and Doppler shifts
of lines from isolated regions of thermal emission

c© 2017 The Authors

http://arxiv.org/abs/1702.07418v1
mailto:marko@math.rs
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Also, the implied characteristic roll-off electron energy of
about 100 TeV is the highest ever reported for a shell SNR.

Borkowski et al. (2013) reported spatially resolved
spectroscopy of SN ejecta, and interpreted their results in
the framework of an energetic and asymmetric Type Ia ex-
plosion. They also concluded that outermost ejecta layers in
free-expansion have velocities in excess of 18,000 km/s. Sev-
eral arguments suggest a Type Ia origin of G1.9+0.3 (see
also Reynolds 2008): the high velocities more than 100 yr
after the explosion; the absence of central pulsar-wind neb-
ula; the bi-symmetric morphology in X-ray and substantial
thermal emission from Fe. A usual core-collapse event could
not reproduce the observations, while a SN Ia model can eas-
ily reach the observed size and velocity for a mean ambient
density of about 0.02 cm−3 (Carlton et al. 2011).

Green et al. (2008) compared their VLA radio obser-
vations of the SNR G1.9+0.3 at 4.86 GHz and 1.43 GHz
with earlier observations at 1.49 GHz which have a compara-
ble resolution. They found evidence that this SNR has been
brightening over the last few decades in the radio emission
at a rate of ≈ 2 per cent yr−1 for the available flux den-
sities and proposed explanation that the efficiency of par-
ticle acceleration and/or magnetic field amplification has
been increasing. De Horta et al. (2014) analyzed all avail-
able radio-continuum observations of SNR 1.9+0.3 at 6-cm
from the VLA and also Australia Telescope Compact Ar-
ray (ATCA) (see Figure 1), obtaining results which are in
broad agreement with the estimates of expansion made by
Reynolds et al. (2008) and Green et al. (2008).

By using the time-dependent non-linear kinetic theory
for cosmic ray (CR) acceleration in SNRs, coupled with
1D spherically symmetric gas dynamics, Berezhko & Völk
(2004) predicted that radio luminosity should increase dur-
ing the free expansion phase, in general case. According to
these authors, this is mainly due to the growing number of
accelerated CRs. Ksenofontov et al. (2010) also applied sim-
ilar model of non-linear CR acceleration to study the non-
thermal properties of SNR G1.9+0.3. They obtained spa-
tially integrated radio synchrotron flux slowly increases with
time, explaining it as a consequence of the rapidly increasing
total number of accelerated electrons in the increasing SNR
volume ∝ R3

s , where Rs represents current shock radius.

Recently, Chakraborti et al. (2016) used their analyti-
cal model to demonstrate that a double degenerate (DD)
progenitor can explain the decades-long flux rise and size in-
crease of the SNR G1.9+0.3 and disfavor a single degenerate
(SD) scenario for this SNR. Nevertheless, for pre-explosion
circumstellar density ρcs ∝ r−s they assume index s = 2 for
SD and s = 0 for DD case, which may be questionable.

It should be examined whether the increasing radio
brightness of G1.9+0.3 is a unique property among the SNRs
in our Galaxy and does it require some special conditions.
One of the aims will also be to go beyond the specific analy-
sis of G1.9+0.3 and, in some future papers, expand proposed
analysis to any young SNR or further to a global sample of
SNRs with different ages.

Why we think the radio evolution modeling is impor-
tant? Electrons emitting at a radio frequency have the accel-
eration time-scales of the order of a week, when the Bohm
diffusion is assumed (Petruk & Kopytko 2016). This is much
less than the acceleration time of the highest-energy par-
ticles, for which it is of the order of an SNR age. Due
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Figure 1. Matched resolution 6-cm images of Galactic SNR (cen-
tred at RA(J2000)=17h48m45.4s, Dec(J2000)=−27◦10′06′′) at mul-
tiple epochs. Left to right, top to bottom, 2009 ATCA, 2008 VLA,
1993 ATCA, 1989 VLA & 1984 VLA. (De Horta et al. 2014)

to this, modeling of radio evolution and connecting it to
the radio observations may reveal the present-time behav-
ior of the injection efficiency and also its time dependence
(Petruk & Kopytko 2016).

Also, the radio surface-brightness-to-diameter (Σ−D)
relation for SNRs, being an useful distance determination
tool, can be significantly improved if the radio evolution is
better understood. This relation is known to be depend on
properties of the SN explosion such as the explosion energy,
mass of the ejected matter and also on the properties of
ISM such as density, magnetic field strength, etc. One of the
main shortcomings of this relation is the severe data scatter
which is mainly due to the spread in mentioned parame-
ters, in addition to measurement errors and selection effects
(see for example Arbutina & Urošević 2005; Urošević et al.
2010; Pavlovic et al. 2014, etc.). Theoretical considerations
contain many limitations, because they often rely on simpli-
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fied assumptions about the evolutionary stage of SNRs, par-
ticle spectra and its evolution, magnetic field evolution etc.
Numerical simulations should provide better understanding
of underlying physics and explanation of the observed sta-
tistical properties.

Magnetic field is one of the main ingredients in parti-
cle acceleration and non-thermal emission. Consistent, time-
dependent calculation of magnetic field amplification (MFA)
is one of the main advantages in approach based on numer-
ical simulations.

2 MODEL

The dynamical evolution of an SNR was modeled by nu-
merically solving the time-dependent hydrodynamical (HD)
equations of mass, momentum and energy conservation, in-
cluding a semi-analytical model of acceleration and back re-
action of particles on shock dynamics. We threat the back-
reaction of the energetic particles on the shock in sense of
the pressure of particles which affect shock dynamics (Blasi
2004) and cosmic ray (CR) current which amplifies the mag-
netic field (Bell 2004; Caprioli et al. 2009). Both effects hap-
pen upstream of the shock wave, in the so-called precursor.
Accent of this paper is given to the spatially integrated ra-
dio emission of a single SNR and its temporal evolution, but
also to the development of a consistent model which can be
applied to any type Ia SNRs.

Through our paper, we will use ”classical”non-linear dif-
fusive shock acceleration (NLDSA), which naturally predicts
spectrum steepens at low energies and flattens at higher en-
ergies, as the compression ratio felt by a diffusing particle
depends on particle’s energy. Recent gamma-ray observa-
tions of Galactic SNRs seriously challenge this understand-
ing of CR acceleration at fast shocks. There are evidences
of high-energy part of CR spectra steeper than E−2 (sig-
nificantly steeper than what is expected in NLDSA which
is implemented in our model) coming mainly from gamma-
ray observations of SNRs (Caprioli 2012). He developed a
self-consistent scenario in which magnetic field amplification
(MFA) induces the conditions for reversing previously men-
tioned trend and can lead to a steepening in the high energy
part of spectrum of CRs. The crucial point in Caprioli (2012)
is that he takes the Alfvén speed in the amplified magnetic
field (as being δB ≫ B0) instead of calculation in the am-
bient field B0. This is not crucial for the present study and
not modeled here because the part of the electron spectrum
that matters for radio emission is at much lower energies. As
for higher energies, it should be included in our future mod-
eling, especially if we are interested in gamma-ray emission
produced in hadronic scenario, with spectrum and emissiv-
ity directly related to the spectrum of highest energy CRs.
Simplified model of gamma-ray evolution, used in our paper,
is not strongly influenced by the shape of the spectrum as
it approximates it with E−2.

2.1 Hydrodynamic modeling

The dynamical evolution of an SNR was modeled by nu-
merically solving the time-dependent HD equations of mass,
momentum and energy conservation:

∂

∂ t





ρ
ρv

E



+∇ ·





ρv

ρvv+ IP

(E +P)v





T

=





0

0

0



 (1)

where ρ is the mass density, v the flow velocity, P the thermal
pressure, I the unit vector, E the total energy density and γ
is the adiabatic index. The total energy density is a sum of
the thermal and kinetic components:

E =
P

γ −1
+

1

2
ρv2. (2)

We adopt the PLUTO code (Version 4.2; Mignone et al.
2007, 2012) to solve the system of HD conservation laws
by using a cell-centred finite-volume approach based on
Godunov-type schemes. The code design enables efficient
usage of massively parallel computers through the message
passing interface standard (MPI) for interprocessor commu-
nications.

We do not include radiative cooling and thermal con-
duction in our HD equations, describing only the free and
Sedov expansion phases of the SNR evolution in a tenuous,
collisionless medium. The transition time from Sedov to ra-
diative phase for an SNR is described with the approxima-
tion (e.g., Blondin et al. 1998; Petruk 2005; Orlando et al.
2011)

ttr = 2.84×104 E
4/17

51 n
−9/17
H yr , (3)

where E51 = E0/(1051 erg) and E0 initial total explosion en-
ergy, contained mostly in form of kinetic energy. In our set of
simulations, ttr > 0.5 Myr and therefore our modeled SNRs
never reach the radiative phase. We will compute the ra-
dio emission from the SNR but with assumption that that
radiation has no impact yet on its dynamical evolution.

Throughout our modeling, we do not activate the MHD
solver of PLUTO because it is in any case powerless in de-
scribing the generation of magnetic turbulence by cosmic
rays upstream of the shock and corresponding MFA. Such
an amplified magnetic field is dominant compared to the
field compressed only due to fluid compression, especially
for young SNRs where non-linearity is very pronounced.
NLDSA module, which runs parallel with PLUTO HD code,
simultaneously performs calculations of MFA, synthesize the
global radio emission in this amplified field and also accounts
for its impact on hydrodynamics.

We used the following set of PLUTO algorithms in our
simulations: linear interpolation with default limiter, HLLC
Riemann solver and RK2 algorithm for the time evolution.
Additionally, we used MULTID shock flattening algorithm
for the numerical dissipation near the strong shocks. Our
three-dimensional (3D) computations were carried out in
spherical coordinates (r,θ ,φ), by using a static logarithmic
grid, with mesh size increasing with the SNR radius.

Detection and tracking of the SNR shock waves in the
fluid, traveling in some direction x, is based on two standard

MNRAS 000, 1–16 (2017)



4 M. Z. Pavlović

numerical conditions, namely ∇v < 0 and ∆x ∇P
P

> εp, where
εp represents parameter, setting the shock strength.

We modified PLUTO modules2 in order to couple the
hydrodynamical evolution of the remnant with particle ac-
celeration. Instead of a constant adiabatic gas index γ (ratio
of specific heats), obeying the ideal gas low P = (γ − 1)ǫ,
where ǫ represents thermal energy density, we adopted hy-
drodynamic equations to use the space and time-dependent
adiabatic index γeff = γeff(x,y,z, t) i. e. P = (γeff −1)ǫ. The ef-
fective adiabatic index γeff, defined so it produces the same
total compression Rtot as obtained from non-linear model
(described later in section 2.2), is calculated at the shock
front and then advected within the remnant, remaining con-
stant in each fluid element as in Ellison et al. (2004) (see
also Ferrand et al. 2010; Orlando et al. 2012). As pointed
out by Ferrand et al. (2010, 2012), each fluid element should
remember the effect of shock modification induced by accel-
erated CRs at the time when shock wave passes through the
fluid element. To fulfill this requirement, we threat gas adi-
abatic index as PLUTO built-in code feature called ”passive
scalar” or ”colour” (denoted by Qk) obeying simple advection
equation of the form

DQk

Dt
= 0, (4)

which is added to the standard set of hydrodynamic equa-
tions (Equation 1), where D

Dt =
∂
∂ t
+v ·∇ denotes Lagrangian

time-derivative.
The shock precursor is not explicitly modeled in the

hydrodynamic part of our simulations. Precursor properties
are handled in a separate modules containing a non-linear
acceleration calculation. Non-linear effects on SNR hydrody-
namics are visible only through the effective adiabatic index,
explained in the next section.

2.2 Diffusive shock acceleration

We model the evolution of an SNR, including the ef-
fect of the high-energy CR particles accelerated by the
shock wave. It is widely accepted that the most effi-
cient process of particle acceleration in SNRs is the dif-
fuse shock acceleration (DSA), proposed by Bell (1978a,b)
and Blandford & Ostriker (1978). Also known as first-order
Fermi mechanism3, it provides the energy gain due collisions
with irregularities of the magnetic field of ∆E/E ∝ u/υ, that
is, first order in u/υ, where u is the velocity of magnetic
perturbation and υ is the velocity of high-energy particle.
For additional reviews of particle acceleration theories, see
for example Reynolds (2008, 2011) and Urošević (2014).

In order to take into account the non-linear back reac-
tion of accelerated particles on the fluid structure, we use the
semi-analytical model of Blasi (2002, 2004) and Blasi et al.
(2005). This model iteratively solves the particle distribution

2 By default, algorithms in the PLUTO code are explicitly based
on the assumption of a constant gamma law.
3 Enrico Fermi’s idea that particles gain energy in collisions with
the moving irregularities of the magnetic field (Fermi 1949), pro-
vides the basis of modern acceleration theories, including DSA.

function f (p)4 and the dimensionless fluid velocity U(p),
both as functions of particle momentum p. The boundary
condition U(pmax) = 1 has to be fulfilled since at p > pmax

there are no CRs to contribute any pressure. Function U(p)
represents quantity defined as U(p) = up/u0, where up repre-
sents the average fluid velocity experienced by particles with
momentum p while diffusing upstream away from the shock
surface and u0 is the fluid velocity far upstream (shock wave
velocity).

In the following, we will use standard indexing of quan-
tities around shock wave, namely subscript 1 (2) for pa-
rameters immediately upstream (downstream), while sub-
script 0 denotes undisturbed, far upstream quantities. We
introduce three quantities Rsub = u1/u2, Rtot = u0/u2 and
Rpre = u0/u1 which are respectively the compression factor
at the gas subshock, the total compression factor and com-
pression in the shock precursor. The compression ratio Rsub

(Rtot) is expected to be lower (higher) than for the standard
test-particle (TP) case where R = 4. For a strongly modified
shock, Rtot can attain values much larger than Rsub.

The model iteratively solves acceleration, by numerical
integration of integro-differential equations, providing the
values for shock compressions Rsub, Rpre and Rtot which give
U(p) solution, satisfying U(pmax) = 1. This model only finds
quasi-stationary solutions, so that we have to rerun it after
each hydro time step (see recent paper Petruk & Kopytko
(2016) which describes the time-dependent DSA at the non-
relativistic shocks). Having the overall compression ratio,
Rtot, the effective ratio of specific heats is calculated as
(Ellison et al. 2004)

γeff =
M2

S,0(Rtot +1)−2Rtot

M2
S,0(Rtot −1)

, (5)

where MS,0 represents sonic Mach number far upstream.
Originally proposed non-linear acceleration model of

Blasi usually gives high levels of shock modification, as
total shock compression factors may exceed ∼ 50 − 100

(Amato & Blasi 2005) and thus do not compare well with
some observations, suggesting Rtot ∼ 7−10 or slightly higher
(see e.g., Völk et al. 2005). We assume that part of the en-
ergy in the form of turbulent Alfén waves, excited by ener-
getic particles and responsible for the scattering of charged
particles, is damped on the thermal gas and heats the gas
in the upstream region. Our model uses non-adiabatic com-
pression in the precursor proposed by Berezhko & Ellison
(1999)

Pp

P0
=U

−γ
p (1+ζ (γ −1)

M2
S,0

MA,0
(1−U

γ
p )), (6)

which is caused by the Alvfén heating and significantly re-
duces the shock modification. Here, P0 represents far up-
stream fluid pressure, Pp and Up are respectively the fluid
pressure and dimensionless fluid velocity at any point xp

(for a given diffusion law D(p), particles of momentum p

4 By definition, f (p) satisfies dN = 4π p2 f (p)dp, where N repre-
sents number of particles per unit volume. The energy distribution
f (E) can be calculated as f (E)= 4π p2 f (p) d p

dE
, giving f (E)∝ p2 f (p)

in relativistic regime where E ∝ p.
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diffuse up to a distance xp ∼ D(p)/up where the fluid veloc-
ity is up) and ζ ∈ [0,1] is a free parameter introduced by
Caprioli et al. (2009). This parameter accounts fraction ζ
of the energy transferred from CR streaming to MHD waves
is dissipated as heat in the plasma by non-linear damping
processes. The damping of the waves is mitigated for ζ < 1

and therefore allows magnetic field amplification (MFA)5.
We use a recipe for the injection of particles from the

thermal pool, proposed by Blasi et al. (2005), and set the
following fraction η of particles entering the acceleration
process from Maxwellian downstream thermal pool

η =
4

3
√

π
(Rsub −1)ξ 3e−ξ 2

, (7)

which assumes that only particles with momentum pinj ≥
(ξ −u2/c) pth,2 can be involved in acceleration process, where
pth,2 =

√

2mpkT2 represents mean downstream thermal mo-
mentum, mp proton mass and T2 is downstream tempera-
ture. The shift u2/c is due to the assumption that thermal
particles in downstream have a Maxwellian spectrum in the
fluid reference frame, while pinj is taken in the shock frame.
The injection parameter ξ strongly affects acceleration frac-
tion η. Caprioli & Spitkovsky (2014a) conclude from their
kinetic simulations that for parallel non-relativistic shocks
a fraction of about 10−3 −10−4 of the particles crossing the
shock is injected into the DSA process and that the injection
parameter is ξ ≃ 3−4.

While the thermal leakage may represent a viable way
of parameterizing injection, it doesn’t account for the de-
pendence of ion injection on shock inclination, elaborated
by Bell et al. (2011). Recent PIC simulations bring back
again the dependence of ion injection on shock inclination
(Caprioli et al. 2015). They show that ions are injected not
by being heated and then leaking, but instead by specular
reflection. A different dependence of η on subshock com-
pression is then hard to encompass in a formula similar to
Equation 7. This refinement is well beyond the goal of this
paper, but should be somehow encompassed in future mod-
eling.

It is worth stressing that using Equation 7 introduces
some kind of time dependence of the acceleration efficiency,
as compression at the subshock is not constant during
SNR evolution. This may be seen as an improvement in
comparison with previous models setting η = const, keep-
ing in mind that it may be still artificial and a ques-
tionable simplification. Recently proposed, new theoreti-
cal model of time-dependent shock acceleration of parti-
cles (Petruk & Kopytko 2016) shows that variable injec-
tion could be a crucial element in explaining the X-ray and
gamma-ray spectra of young SNRs, but not so important
for radio. Nevertheless, the time dependence in injection ef-
ficiency is hard to model, and even more how proton-to-
electron ration (introduced latter in Section 2.4) depends on
time. Kinetic simulations, providing us first-principles calcu-
lations, seem to show that ion injection does not vary as long
as the shock is strong, while the electron injection efficiency
in the regimes considered here is still questionable.

5 Otherwise, if we have ζ ≃ 1, the rate of damping of the waves is
close to that of wave-growth and the MFA is heavily suppressed.

We assume that the CR distribution vanishes at a dis-
tance ∼ χescRs upstream of the shock wave, where parameter
χesc < 1 is the fraction of the shell radius Rs, to account for
the presence of a free-escape boundary beyond which high-
est energy CRs, mainly consisting of protons, cannot diffuse
back at the shock and escape into the interstellar medium
(ISM) (Caprioli et al. 2010; Morlino & Caprioli 2012). This
approximation allows us to determine the maximum mo-
mentum pp,max of accelerated protons by assuming

D(pp,max)

u0
= χescRs, (8)

where D(p) is Bohm-like diffusion constant i.e. D(p) =
1
3 υ(p)rL(p), with υ(p) and rL(p) are respectively the par-
ticle velocity and the Larmor radius, in agreement with the
approach of Bell et al. (2013) and references therein. We use
χesc = 0.1 in our model as suggested by Morlino & Caprioli
(2012), which satisfies condition that the acceleration time
up to pp,max is less than the age of the system (Blasi et al.
2007).

2.3 Magnetic field amplification

Galactic cosmic-ray (CR) acceleration to the knee in the
spectrum at a few PeV is only possible if the magnetic field
ahead of an SNR shock is strongly amplified by CRs escap-
ing the SNR (Bell et al. 2013). Consistent calculation of the
magnetic field strength, although not yet fully understood, is
of the utmost importance for the radio emission of energetic
electrons. Due to this, we include MFA in our model.

The MFA is driven by streaming instabilities, induced
by CRs in the vicinity of SNR shocks. Instabilities can be
resonant (Bell 1978a), assuming that Alfvén waves, gener-
ated by particles streaming faster than Alfvén speed, have
a wavelength in resonance with the CR Larmor radius,
and strongly driven, nearly purely growing, non-resonant
(Bell 2004). Non-resonant instabilities are not accurately
described as Alfvén waves and they grow preferentially at
wavelengths that are not resonant with the CR Larmor ra-
dius. Amato & Blasi (2009) showed that the non-resonant
modes are bound to be relevant mostly in the earlier stages of
the SNR evolution, namely free expansion and early Sedov-
Taylor, while streaming instability should be dominated by
resonant waves for the most of the history of the SNR.
However, according to Caprioli & Spitkovsky (2014b), their
equation obtained for resonant instability fits well up to
simulations with MA = 100 and can also be extrapolated to
higher Mach numbers, inferred at the blast waves of young
SNRs, in case of efficient CR acceleration, which is certainly
the case for G1.9+0.3. For such high-MA shocks, accord-
ing to Caprioli & Spitkovsky (2014b), we can distinguish
two regions: the far upstream region dominated by non-
resonant instability, and the precursor, where resonant and
non-resonant instabilities grow at a comparable rate. Closer
to the SNR shock, resonant instabilities seems to take over
but ambient magnetic field is already considerably modified
in precursor. It is however, hard to simulate what happens
for MA ≫ 100 in global shock simulations mentioned, as sim-
ulations become quite expensive, and lot of questions remain
open here. Due to this, whichever model we choose to im-
plement, it will contain a lot of uncertainties until the future

MNRAS 000, 1–16 (2017)



6 M. Z. Pavlović

PIC simulations and better theory give us improved under-
standing.

We choose to model MFA due to resonant streaming
instability, being already compatible with Blasi’s formalism
and easy to implement in our code. With assumption that
all the turbulence is generated via streaming instability in
precursor, it is described by Caprioli et al. (2009) in form

Pw,p

ρ0u2
0

=
1−ζ

4MA,0
U

−3/2
p (1−U2

p ), (9)

This model of MFA is also used by Lee et al. (2012) and
Ferrand et al. (2014). Here, Pw = 1

8π (∑µ δBµ)
2 denotes pre-

cursor magnetic pressure of Alfvén waves (subscript µ indi-
cates modes of the magnetic turbulence) and MA,0 = u0/υA =
u0

√
4πρ0/B0 is Alfvénic Mach number far upstream. For sim-

plicity, we do not include pre-existing magnetic turbulence
in the interstellar medium (ISM) in our models. The factor
(1−ζ ) is introduced to balance the factor ζ in Equation 6,
and accounts for local wave dissipation and reduction of
MFA. The total magnetic field at point xp is then calculated
with

B2
p = B2

0 +8πPw,p, (10)

with B0 denoting the ordered component of the ambient
magnetic field. However, have in mind that this is rough
estimate as effective ambient B0 field that we need in the
precursor is always determined by the Bell’s non-resonant
instabilities far upstream and will be larger than the few
µG of the Galactic field.

The magnetic pressure in the amplified fields becomes
quite high, comparable with or even higher than the ther-
mal one, making the dynamical role of amplified magnetic
fields non-negligible (Caprioli et al. 2009). Due to this, mag-
netic pressure as well as the pressure of accelerated particles
are accounted for in NLDSA part of the presented calcu-
lations and then affect fluid compressibility through effec-
tive adiabatic index. The global shock modification follows
from the conservation of momentum between the far up-
stream medium and any precursor point xp, which involves
4 terms: dynamical pressure ρu2, thermal pressure P, non-
thermal pressure of CRs computed from their distribution
f (p) as Pcr =

4π
3

∫

p2 f (p)pυ(p)d p and magnetic pressure Pw

(Ferrand et al. 2014); described with equation

ρpu2
p +Pth,p +Pcr,p +Pw,p = ρ0u2

0 +Pth,0 +Pcr,0 +Pw,0. (11)

As we will see later, the factor ζ in our simulations is close
to 1/2 and therefore gives the amplified magnetic field im-
portant role in SNR dynamics.

Also note that magnetic field amplification leads to non-
adiabatic heating of the background plasma (turbulent heat-
ing, mentioned in Section 2.2), in such a way that plasma
and magnetic field pressure are almost in equipartition
throughout the precursor (Caprioli & Spitkovsky 2014a).

The maximum value of the amplified upstream mag-
netic field B1 is reached immediately ahead of the shock
wave and we calculate it by putting Up = u1/u0 = 1/Rpre

in Equation 9. We use a common assumption that the B-
field is totally random in orientation, as a consequence of
the strong turbulence. We then assume that downstream

magnetic field is compressed only due to fluid compres-
sion such that the components in a shock plane are com-
pressed and the three components of the magnetic field are
roughly equal. The downstream magnetic field is then given

by B2 = B1

√

1/3+2/3R2
sub.

We also account for damping of the amplified magnetic
field in the downstream region. We use the following recipe
for the downstream magnetic field (Morlino & Caprioli
2012), based on the non-linear Landau damping mechanism

Bd(r)≃ B2 exp

(

−
Rs− r

λnl

)

, (12)

The typical length scale λnl for the non-linear Landau damp-
ing given by

λnl =
3χesc

0.05

u2
0

υA(B2)c
Rs, (13)

where υA(B2) is Alfvén velocity in downstream region.
Bell’s model for the MFA due to the non-resonant

streaming instability (Bell 2004) predicts the total saturated
magnetic energy density

B2
sat

2µ0
∼

1

2

u0

c
ǫcr, (14)

where ǫcr represent the CR energy density at the shock.
In the active SNR phase, when ǫcr ∼ ρ0u2

0, this results

in an amplified magnetic field of B ∝ u
3/2
0 . Another point

of view, namely equipartition between the total energy
densities of cosmic rays and that of the magnetic field
(Beck & Krause 2005; Arbutina et al. 2012), results in the
B ∝ u0. Both dependencies, mentioned above, were imple-
mented in the numerical model of Ksenofontov et al. (2010),
while Berezhko & Völk (2004) used only the later one. Vink

(2012) favors a dependency B ∝ u
3/2

0 , providing the observa-
tional evidence, but also notes that the dynamic range makes
the dependency on shock velocity uncertain. On the other

hand, B ∝ u
3/2

0 implementation in Ksenofontov et al. (2010),
results in a too slow increase in radio flux density of SNR
G1.9+0.3 to provide a reasonable agreement with observa-
tions.

Equation 9, used as a receipt for MFA in our modeling of
radio evolution, is a pretty much non-linear and therefore the
magnetic filed dependence on shock velocity will be affected
by other simulation parameters. If we deduce from Equa-

tion 9 that Pw,p ∼
ρ0u2

0

MA,0
, we obtain B ∝ (u0B0)

1/2 which should

be taken with caution as the term U
−3/2
p (1−U2

p ) probably
brings additional dependence on shock velocity. We will see
later in Section 3 the relation between amplified magnetic
field and shock velocity, obtained from our simulations.

Previous paragraph demonstrates important difference
between MFA driven by resonant and non-resonant stream-
ing instabilities. Saturation of the resonant CR-driven in-
stability explicitly depends on initial B0, which is not the
case for Bell’s non-resonant instabilities (see, for example,
equations 12 and 13 in Amato 2011).

Magnetic field modeling here do not consider its stretch-
ing and amplifying caused by the initial clumping of the
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ejecta and due to the development of Rayleigh-Taylor in-
stabilities (see for example Orlando et al. 2012). It is thus
important to simulate these effects by using PLUTO MHD
in future, in order to follow morphological evolution of SNR
along with the integrated radio emission which is modeled
here.

2.4 Radio emission

Although the injection mechanisms for electrons are much
less clear than for protons, we use assumption that electron
injection is the same as that of protons and normalize their
spectrum with respect to the protons’ spectrum:

fe(p) = Kep fp(p), (15)

where parameter Kep represents the electron-to-proton ra-
tio, very likely related to the different mechanisms responsi-
ble for lepton and hadron injection. We allow this parame-
ter to vary from the value Kep = 10−2, observed near Earth
in the diffuse spectrum of Galactic CRs around GeV ener-
gies. Since the energy losses of GeV electrons are not signif-
icant for propagation in the Galaxy, the electron to proton
ration is also about 10−2 in the source. Nevertheless, this
does not mean that this ratio must be the same for young
SNRs (Zirakashvili 2008). Young SNRs, like G1.9+0.3, may
be the main source of Galactic electrons with energies higher
than 10 TeV, while GeV electrons may be produced in
older SNRs and therefore, the value measured in CRs seems
to be determined by later stages of the SNR evolution
(e.g., Sarbadhicary et al. 2017). From recent PIC simula-
tions of simultaneous acceleration of protons and electrons
(Park et al. 2015), CR electron to proton ratio is inferred
to be Kep ≈ 10−3 −10−2, for shock velocity u0/c ≈ 0.02−0.1
and reduced electron to proton mass mp/me ranging from
100 to 4006. We assume the spectrum of accelerated elec-
trons is parallel to protons’ one, except for large momenta,
since DSA mechanism should not be dependent on charge.
We neglect the dynamical role of electrons in our model.

Assumption about parallel proton and electron spectra
holds as long as synchrotron losses are neglected. However,
at energies around TeV, electrons suffer synchrotron losses
which can be consistently taken into account by supplement-
ing the ordinary diffusive transport equation by a corre-
sponding loss term (as done for example in Berezhko et al.
2002; Berezhko & Völk 2004). Strict numerical treatment
of electron cooling is beyond the scope of this paper, as for
radio emitting electrons it can be safely neglected. Never-
theless, we implement simple ”toy”model, dealing with high
energy part of electron spectrum, in order to obtain sat-
isfying model of synchrotron spectra from radio to X-ray
domain, which is later demonstrated in Section 3. We as-
sume that electron spectra above a certain energy becomes
steeper i.e. changes from p−q to p−(q+δ ) (Tanaka et al. 2008;
Longair 2011) and allow δ to be different than 1. Following

6 Authors find marginal change of Kep when increasing mp/me

from 100 to 400

Tanaka et al. (2008), we calculate the position of the tran-
sition from an uncooled to a cooled regime as

Eb = 1.25

(

B2

100 µG

)−2(
t0

103yr

)−1

TeV, (16)

where t0 represents current SNR age. Going from Eb (cor-
responding momentum pb) to higher energies, we steepen
previously calculated electron spectra and apply the fol-
lowing form of cut-off exp

[

−(p/pe,max)
2
]

, as suggested by
Zirakashvili & Aharonian (2007) for the loss dominated
case.

We calculate electron maximum momentum pe,max, in
the Bohm diffusion regime, by using the approximate im-
plicit expression, determined by Morlino et al. (2009). This
approach is based on equating the acceleration time with the
minimum between the time for energy losses and the age of
the SNR, when only synchrotron losses are important,

pe,max =
3

2

√

m3
ec4

eB1r0

u0

c
Up(pe,max)

√

1−R−1
tot U−1

p (pe,max)

1+RBRtotUp(pe,max)
, (17)

where r0 is the classical electron radius, RB is the magnetic
field compression factor at the sub-shock.

Spectrum for electrons at the shock is then

fe,0(p) = Kep fp,0(p)p−δ e−p2/p2
e,max , (18)

where δ = 0 for momenta p < pb and δ > 0 for p ≥ pb. We
do not expect a sharp break in the energy spectra for the
electrons, but rather some steepening (Blasi 2010). Due to
this, for our ”toy” model, δ has to be continuous function
of momenta, which is later obtained as the best-fitting to
the observed spectra. Standard assumption has been ap-
plied, that the spatial distribution of particles for a plane
shock is constant downstream and drops exponentially in
the upstreamReynolds (2008). Adiabatic losses are not taken
into account as we assume that most of the radio emission
comes from the relatively thin shell near FS.

The total volume emissivity (power per unit frequency
interval per unit volume) of the relativistic electrons is de-
fined as

εν =
∫

E
P(ν)N(E)dE. (19)

Here, P(ν) is the total emissivity of a single electron of en-
ergy E which has a pitch angle ϑ with respect to the mag-
netic field given by (Wilson et al. 2013)

P(ν) =

√
3e3Bsinϑ

mec2
F

(

ν

νc

)

, (20)

where νc =
3eB⊥p2

4π(mec)3 is the electron critical frequency and F(x)

is a synchrotron function defined as

F(x) = x

∫ ∞

x
K5/3(x

′)dx′, (21)

K5/3(x) being the modified, non-integer order Bessel function
(Abramowitz & Stegun 1972). With an accuracy of less than
0.6%, synchrotron function F(x) can be approximated with
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a linear combination of its known approximations for x ≪ 1

and x ≫ 1, derived by Fouka & Ouichaoui (2013).
Hence, by combining these relations, SNR total lumi-

nosity at frequency ν is calculated from the obtained elec-
tron spectrum fe,0(p) by using the following expression

Lν =
16π2

√
3e3

mec2

∫ Rs

Rcd

B⊥r2dr

∫ pe,max

pinj

p2 fe,0(p)F

(

ν

νc

)

d p, (22)

where B⊥ is the magnetic field component perpendicular to
the line of sight (LoS) and we shall use B⊥(r) = 0.5Bd(r).

Our model uses a reasonable approximation that the ra-
dio emission from accelerated electrons comes only from the
shocked ISM located between contact discontinuity (at ra-
dius Rcd) and forward shock (FS). This assumption is based
on the fact that, because of compression of magnetic field in
downstream, the overall synchrotron radiation of the SNR
is dominated by the emission originating from downstream
region.

In order to obtain the radio flux density Sν at given
SNR distance d, we use the following relation:

Sν =
Lν

4πd2
. (23)

Many authors have implemented an idea that CR accel-
eration may also occur at the reverse shock (RS) of young
SNRs (Ellison et al. 2005; Zirakashvili & Aharonian 2010;
Zirakashvili & Ptuskin 2012, and others) although it is hard
to expect a very large magnetic field in the ejecta into which
RS propagates. The magnetic field frozen in the ejecta di-
lutes orders of magnitude below levels required to accel-
erate particles, during the early expansion phase of SNR.
Gotthelf et al. (2001) have identified the FS and RS in Cas-
siopeia A and showed that radio (together with Si) emissiv-
ity radial profile show a sharp rise at what they characterize
as the RS. However, Morlino & Caprioli (2012) concluded
that there is no evidence of DSA at the RS, for the partic-
ular case of relatively young Tycho SNR, by investigating
its radial profile of the radio emission. Similar to the later
case, currently available VLA and ATCA radial profiles of
G1.9+0.3 radio emission (Green et al. 2008; De Horta et al.
2014), taken between 1984 and 2009, do not show any emis-
sion which could be linked with the RS. Therefore, in this
paper we only account for the radio emission from FS of SNR
G1.9+0.3 and it seems enough to account for the observed
radio flux.

2.5 Simple estimates of the gamma-ray emission

During the last decade, new generations of gamma-ray tele-
scopes operating in GeV and TeV range, provided us new
insights into SNR phenomenology and CR acceleration.
It is generally accepted that two distinct physical mecha-
nisms are responsible for gamma-emission. Electrons pro-
duce a gamma-radiation via inverse Compton (IC) scatter-
ing on different microwave, IR and optical photons, in the
so-called leptonic scenario. The contribution of relativistic
bremsstrahlung is also produced in leptonic scenario, but
it is usually negligible in SNRs. In the second, so-called
hadronic scenario, gamma-rays are produced by the decay of
neutral pions (π0) produced in collisions between CRs and
the background gas.

Despite relatively deep exposures, the High Energy
Stereoscopic System (H.E.S.S.) data did not show any signs
of significant TeV gamma-ray emission from SNR G1.9+0.3
(H.E.S.S. Collaboration et al. 2014).

As pointed out by Ksenofontov et al. (2010), the TeV
gamma-ray flux is expected to increase with time as well as
the radio flux, mainly due to the increase of overall number
of CRs with energy above 10 TeV. It will be interesting to es-
timate the gamma-ray luminosity of the SNR, as a function
of time and whether it could be visible in TeV gamma-rays
by future instruments like the Cherenkov Telescope Array
(CTA).

Consistent calculation of broadband gamma-emission of
G1.9+0.3 is far from the main scope of this paper. Due
to this, we will rather use simplified model of Zirakashvili
(2008) which assumes E−2 spectrum of highest energy pro-
tons at the shock front. This may not be so crude estimate,
as Caprioli (2012) noted that slope predicted by the stan-
dard NLDSA is even farther from required E−2.1 −E−2.2 to
account for the observed gamma-ray phenomenology.

The differential gamma-ray flux from the pion decay
at energies in the range mpc2 < E < 0.1Ep,max (where Ep,max

represents maximum proton energy) may be estimated as
proposed by Zirakashvili (2008)

E2Fpp(E) =
R3

s Kππ σppcn2
Hξcrmpu2

0

d2 ln(pp,max/mpc)

(

1+4
nHe

nH

)2

. (24)

Here Kππ = 0.17 is the fraction of the proton energy trans-
mitted to the parent neutral pions, σpp is the total inelastic
p− p cross-section, ξcr is the ratio of the cosmic ray pressure
downstream of the shock Pcr to the dynamical pressure ρ0u2

0,
while nH and nHe represents hydrogen and helium number
density in ISM respectively, assumed to be partitioned as
nH : nHe = 9 : 1. We use the value σpp = 37.4 mb for our esti-
mate of 4 TeV gamma-rays flux (Kelner et al. 2006). It was
assumed that the accelerated protons fill the SNR uniformly.

The differential flux of gamma-rays from the IC scat-
tering in the synchrotron losses dominated case may be es-
timated as proposed by Zirakashvili (2008)

E2FIC(E) =
3ξcr

8ξB

KepR2
sUradu0

d2 ln(pp,max/mpc)
. (25)

Here ξB is the ratio of the magnetic energy B2/8π to the
dynamical pressure ρ0u2

0 and Urad is the energy density of
the scattered photons, computed here only for cosmic mi-
crowave background (CMB) radiation Urad = (4σ/c)T 4 ≈
4.2×10−13 erg/cm2s. Flux given in Equation 25 is valid for
energies smaller than the cut-off energy given by

Ec ≈ 5 TeV

(

u0

3000 km/s

)2(
B2

100 µG

)−1
T

2.7K
, (26)

where T represents the temperature of the scattered pho-
tons. We checked a posteriori that the gamma-ray energy
around few TeV satisfies this requirement up to around 2500
years of simulated SNR evolution.
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3 RESULTS AND DISCUSSION

VLA observations from 1985 (Green 2004) show a strong
asymmetry in the shell at 21 cm, perhaps indicative of an
external density gradient. The mean radius of the bright X-
ray ring is about 2 pc, but with the east and west ”ears” at
about 2.2 pc (Reynolds et al. 2008). We neglect any possible
gradient of ambient density in surrounding ISM, which leads
to a complicated morphology (see Orlando et al. 2007) and
seek for a global qualitative description of integrated con-
tinuum radio emission.

Trying to model the observed radio morphology as a
consequence of hypothetical global magnetic field gradient
would be tricky, due to the existing disagreement between
observations and theory. Young SNRs have a predominantly
radial magnetic field structure, visible through polarization
measurements (Reynolds et al. 2012; Helder et al. 2012). On
the other side, modern theories and simulations of MFA
predict a strong turbulence of amplified field (Bell 2004;
Caprioli & Spitkovsky 2014b), as a result of the interaction
of CRs with the upstream plasma and ambient field.

We performed 3D HD simulations describing the expan-
sion of the SNR G1.9+0.3 in a spherical coordinates with the
PLUTO code, adopted according to the model described in
previous section. As the magnetic field does not play a dy-
namical role in the evolution of the SNR, we do not use
MHD modules existing in PLUTO. However, we calculate
magnetic field strength and its amplification by using our
separate NLDSA modules tied to PLUTO, as it is necessary
for CR acceleration as well as for the radio emission.

Our initial conditions were chosen in order to repro-
duce G1.9+0.3 after around 100 yr of evolution7 in terms
of shock radius, which is about 2 pc (near 100′′ in di-
ameter) for an assumed location near the Galactic entre
(Reynolds 2008), and shock velocity of 14,000 km s−1, de-
duced mainly from Fe emission with a width of about 28,000
km s−1(Borkowski et al. 2010). In all of our simulations, the
ambient magnetic field strength is set to value B0 = 5µG,
representative of the average Galactic field. For the ini-
tial density structure of the ejecta, we used the exponen-
tial profile that has been shown to be the best approxi-
mate representation of explosion models for type Ia SNe
(Dwarkadas & Chevalier 1998), thought to represent ther-
monuclear disruption of a white dwarf. We add clumps in
the initial ejecta as per-cell random density perturbations
(Orlando et al. 2012) and they trigger Rayleigh-Taylor in-
stability at the contact discontinuity. We assumed an ini-
tial spherical remnant with radius of 0.05 pc, (correspond-
ing to an initial age of ≈ 2.5 yr), ejecta mass equal to the
Chandrasekhar mass Mej = 1.4M⊙ and a total explosion en-

ergy E0 = 1051 erg. SNR expands through a homogeneous
isothermal plasma with temperature T = 104 K (correspond-
ing to an isothermal sound speed cS = 9.9 and Alvén speed
υA = 39 km/s8 for ambient density 0.02 cm−3) and mass
density ρ0 = µmHnH, characterized by the hydrogen number
density nH, where µ = 1.4 is the mean atomic mass (assum-

7 De Horta et al. (2014) put the highest upper age limit of 180

years, assuming a constant expansion rate since the SN event.
8 Velocity 14000 km/s therefore gives far upstream sonic Mach
number MS ≈ 1410 and Alfvénic number MA ≈ 360.
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Figure 2. Evolution of an G1.9+0.3 shock velocity and radius,
obtained from 3D HD simulations including efficient DSA. Left
axis represents shock velocity in units of 103 km/s, which is de-
creasing function of time. Right axis represents the radius of ex-
panding SNR in parsecs. Radius and shock velocity evolution
curves correspond to ISM hydrogen number densities of 0.01 (red
thick line), 0.02 (black), 0.03 (blue) and 0.04 (green) cm−3. Hor-
izontal dotted lines correspond to currently available measure-
ments of mean radius and shock velocity from 2008. Vertical dot-
ted line marks the epoch tSNR = 115 yr when observed and simu-
lated radius and shock velocity coincide i.e. represents our inferred
age of the SNR. The starting time and radius for the simulation
are respectively t0 ≈ 2.5 yr and R0 ≈ 0.05 pc.

ing cosmic abundances) and mH is the mass of the hydrogen
atom.

In order to estimate ISM density and age of SNR, we
performed a set of 3D HD simulations with different ambi-
ent hydrogen number densities ranging from 0.01 cm−3 to
0.04 cm−3 (Figure 2). We simulate one octant of the rem-
nant, for the total time of 200 years, with resolution of 2048
× 512 × 512 grid cells, respectively per each of spherical
coordinates r, θ and φ (Figure 3). Soon after the explosion,
SNR dynamical evolution is characterized by increasing ra-
dius and decreasing shock velocity9. Observed shock velocity
of 14000 km/s and SNR radius of 2 pc has to be reached in
our simulations at the same time after the explosion, which
we take as the SNR age. Hydrogen number density satisfying
this requirement is nH = 0.02 cm−3 and corresponding SNR
age is 115 years, for the epoch 2008 when observations, we
used for comparison with models, are made. This implies an
explosion date of about 1893 and current age of 123 years.

As a referent radio data for SNR G1.9+0.3 we use ob-
servations made by Green et al. (2008) at 1.43 and 4.86
GHz with the Very Large Array (VLA), which are respec-
tively 0.935 ± 0.047 Jy and 0.437 ± 0.022 Jy. Combin-
ing these integrated flux densities gives a steep radio emis-
sion spectral index, α (defined so that flux density scales
with frequency as Sν ∝ ν−α ) of 0.62 ± 0.06, using the

9 Note that shock velocity is not the fluid speed of any material
present in our simulation box, but an interface between different
conditions that is propagating through the fluid.
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Figure 3. 3D rendering of the spatial distribution of plasma ef-
fective adiabatic index for a model accounting for the shock mod-
ification by accelerated CRs. Simulation describes the expansion
of SNR through the interstellar medium. Credit by VisIt

assumed 5 per cent statistical uncertainties in the indi-
vidual flux densities. In general, observations confirm that
young SNRs have radio spectral indices steeper than the ex-
pected α = 0.5 (Urošević 2014), derived from TP DSA (Bell
1978a,b). Bell et al. (2011) showed that young SNRs with
the quasi-perpendicular orientation of the magnetic field
should have steeper spectral indices. For a detailed review on
radio spectra of SNRs and some other possible explanations
for steep spectra of young SNRs, see Urošević (2014) and
references therein. Some properties of the time-dependent
solutions (instead of quasi-stationary solutions used in our
modeling) could also be responsible for deviation of the ob-
served radio index from the classical value 0.5 in some young
SNRs, as recently shown by Petruk & Kopytko (2016).

We also poses a radio light curve for G1.9+0.3, ob-
served with the Molonglo Observatory Synthesis Telescope
(MOST), spanning 20 yr from 1988 to 2007 at frequency
of 843 MHz (Murphy et al. 2008). Two most recent mea-
surements (closest to the time when VLA observations have
been made), 0.97 ± 0.11 Jy from epoch 2007.430 and 1.32
± 0.09 Jy from epoch 2007.463, will only be used for com-
parison with our best-fitting modeled spectra made using
VLA measurements (Green et al. 2008), although showing
evident inconsistency and large measurement errors. Change
in radio flux should not be neglected for earlier MOST mea-
surements, as they cover around one sixth of the estimated
lifetime of the SNR.

De Horta et al. (2014) also obtained radio flux density
measurements but significantly smaller (∼ 50%) than VLA
measurements. They attribute this large difference to miss-
ing short spacings and poorer uv coverage of the ATCA im-
ages.
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Figure 4. Measured radio fluxes at 843 MHz (Murphy et al.
2008, MOST), 1425 MHz and 4860 MHz (Green et al. 2008,
VLA); and four modelled radio spectra, corresponding to models
from Table 1. We include only two MOST fluxes at 843 MHz for
comparison, observed in epochs 2007.46 and 2007.43, closest to
the VLA observing epoch of 2008. Change in radio flux should not
be neglected for earlier MOST measurements. Ambient magnetic
field is set to value B0 = 5µG. Observed and modeled radio fluxes
corresponds to epoch 2008, when G1.9+0.3 was around 115 years
old, as obtained from our simulations.

Our hydrodynamical approach does not self-
consistently deal with the magnetic turbulence and
belonging higher order anisotropies which, according to
Bell et al. (2011), steepen the spectral index at quasi-
perpendicular shocks. Due to this, we fit SNR G1.9+0.3
radio spectra simply by using described non-linear accel-
eration model of Blasi and assuming efficient acceleration
(namely, acceleration efficiency up to η ≈ 10−3, to which
corresponds ξ between 3.3 and 3.45 in our simulations).
Efficient acceleration is expected for such a young SNR
and consistent with previous works (e.g., Ksenofontov et al.
2010). The electrons which mainly produce radiation by
the synchrotron mechanism (in amplified magnetic field ∼
100 µG) at frequencies ∼ 1 GHz have energy ∼ 1 GeV and
momentum ∼ mpc. At energies around 1 GeV, our energy
spectra N(E) ∝ E−γ of accelerated particles at CR modified
shocks become softer, with the effective power-law index
γ around 2.2, giving the required spectral steepening of
synchrotron spectra.

From the fit of the synchrotron emission, we ob-
tain value 2× 10−3 for electron-to-proton ratio Kep, which
is slightly lower that the value observed in the local
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Table 1. Model parameters for simulated radio spectra. In all models ambient density was 0.02 cm−3, α represents radio emission
spectral index defined in Section 3, η stands for the fraction of particles entering acceleration (defined in Section 2.2), S1.425 and S4.860

are respectively modeled flux densities at 1430 and 4860 MHz in Jy.

ξ ζ η [×10−3] α S1.425 S4.860 Rtot Rsub

Model A 3.30 0.40 1.1 0.619 0.933 0.440 12.0 3.2
Model B 3.35 0.33 0.9 0.605 0.931 0.446 11.7 3.3
Model C 3.40 0.24 0.7 0.591 0.928 0.452 11.3 3.4
Model D 3.45 0.10 0.5 0.574 0.924 0.459 10.8 3.5
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Figure 5. Cosmic ray electron and proton non-thermal part of
the spectra (top panel) at the age of 115 years after explosion and

proton spectra slope q(p) =− d ln fp,0(p)

d p
assuming particle distribu-

tion ∝ p−q (bottom panel). Two representative models are shown,
the most efficient NLDSA in Model A (thick solid line) and the
least efficient NLDSA, among four models from Table 1, in Model
D (thin solid line).

CR spectra. Our value is in good agreement with val-
ues derived by other authors (e.g., Ksenofontov et al.
2010; Morlino & Caprioli 2012; Slane et al. 2014), although
Yuan et al. (2012) proposed a model in which Kep = 10−2

is a universal value that can fit all Galactic SNRs. As the
dynamical role of electrons is negligible in used model for
NLDSA, this parameter acts as scaling factor for the total
radio emission and should not have any qualitative effects
on radio evolution.

Two free parameters are of the utmost importance for
the total radio flux in our simulations: injection parameter
ξ , determining a fraction of particles η entering the acceler-
ation process and therefore global efficiency of NLDSA and
MFA; and Caprioli’s parameter ζ , controlling heating of the
plasma by non-linear damping of Alfvén waves and therefore
being able to reduce the shock modification to some extent.

As already said, efficient acceleration is necessary for
the required spectral steepening of the radio spectra, but
also ξ values around 3.4 lead to very strong MFA and in
turn can cause overestimate of SNR total radio flux. There-
fore, some damping is likely and a search through parameter
space leads to conclusion that, in our modeling, Caprioli’s

parameter ζ between 0.1 and 0.4 provide good fits. These
values are also in agreement with Kang et al. (2013), who
arbitrarily set ζ = 0.5 in their four heuristic models of MFA
in the precursor and which is, according to them, a rea-
sonable estimate. We choose three best-fitting models, for
injection parameter ξ values 3.30, 3.35, 3.40 and 3.45, re-
spectively denoting them with Model A, B, C and D (Ta-
ble 1 and Figure 4). We allow four different scenarios, al-
though producing similar radio spectra for particular 2008.
epoch, in order to allow possible differences in simulations
of radio flux temporal evolution, being the main goal of our
paper. Figure 4 indicate that MOST measurement 0.97 ±
0.11 Jy should be taken with caution as probably being sub-
ject to significant measurement errors. In order to reproduce
observed radio flux spectra from 2008, our simulations pre-
dict that amplified magnetic field in downstream was then
around B2 = 280 µG. This value is in agreement with value
≈ 230 µG inferred for G1.9+0.3 from equipartition calcula-
tions (Arbutina et al. 2012) and rapid variability in X-rays
for notably older SNR RX J1713.72−3946, indicating am-
plification of the magnetic field by a factor of even more
than 100 (Uchiyama et al. 2007). From the simulated 2500
years of evolution, the obtained amplified magnetic field in

the downstream is B2 ∝ u0.76
0 ≈ u

3/4
0 (see Section 2.3 for dis-

cussion).

Figure 5 clearly shows that particle spectrum of acceler-
ated particles changes from that predicted by standard linear
DSA, which reads ∝ p−4 in momentum and corresponds to
energy distribution ∝ E−2 in relativistic regime. Similarly to
the cut-off for the electrons (Section 2.4), we parameterize
the turnover of protons also by multiplying their distribution
by an exponential factor, in a form suggested by Lee et al.
(2012). For sufficiently large momenta, electron distribution
function additionally deviate from the spectrum predicted
by NLDSA, as a result of synchrotron losses.

As we mentioned before, a radio light curve for
G1.9+0.3 based on 25 epochs of observation with the MOST
is available (Murphy et al. 2008). These observations were
taken with the same instrument, at constant frequency (843
MHz) and comparable resolutions (43 × 91 or 43 × 95
arcsec2). Therefore, we run our numerical simulations for
different model parameters shown in Table 1 and synthe-
size total radio flux density at frequency 843 MHz during
the period from 1985 until 2010, in order to make compar-
ison with observations (Figure 6). We obtained the average
flux increase gradient during this period of around 0.0173
Jyyr−1 (1.8 per cent yr−1), which is in a very good agreement
with a least-squares fit of MOST observations which gives
0.015 Jyyr−1 (1.22±0.24

0.16 per cent yr−1) and also very close

to the estimate of ∼2 per cent yr−1 made by Green et al.
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Figure 6. Observed and simulated evolution of integrated radio
flux density at 843 MHz. Black squares with error bars repre-
sent radio light curve for G1.9+0.3 from 1988 to 2007, observed
by MOST (Murphy et al. 2008). The black thick line shows a
least-squares fit with gradient 0.015 Jy yr−1 and a flux density of
1.23 Jy on 2005 January 1, originally obtained by Murphy et al.
(2008). Our simulations are shown with thin colour lines, namely
Model A (red), Model B (blue), Model C (green) and Model C
(black), showing similar average flux gradient ≈ 0.017 Jy yr−1

(2008), based on observations from a range of instruments,
compiled from the literature. During the simulated part of
the free expansion phase, derived dependence of radio flux
density is Sν ∝ D2.675, corresponding to radio surface bright-
ness dependence Σν ∝ D0.675, while Berezhko & Völk (2004)
derive steeper dependence Σν ∝ D in free expansion. Inter-
estingly, X-ray flux brightening of G1.9+0.3, measured by
Carlton et al. (2011), is also close to simulated and observed
radio values, namely 1.7 ± 1.0 per cent yr−1.

We are also able to deduce forward shock expansion rate
from our simulations, for the evolution period from 1985 un-
til 2010, roughly covering available observations. Our value
of 0.9 per cent yr−1 is in good agreement with expansion
rate measurements ≈ 0.65 per cent yr−1, from VLA obser-
vations (Green et al. 2008), and 0.642 ± 0.049 per cent yr−1

(Carlton et al. 2011), obtained by comparing Chandra X-ray
images.

In Figure 7, we plot time evolution of different charac-
teristics of SNR for period of 1000 years and compare the
evolution corresponding to efficient DSA, including MFA,
with a TP case. Red line represents DSA with pronounced
non-linear effects and strongly modified shock (parameters
from Model A), while blue line represents SNR evolution
with injection parameter ξ = 4.8 leading to almost negli-
gible amount of accelerated CRs. Total compression in TP
case reduces to 4 and magnetic field downstream is amplified
only due to gas compression, which is far bellow the value
required for the observed radio emission.

Being the main purpose of this paper, we simulate the
time dependence of flux densities Sν of the radio synchrotron
emission at different frequencies with its corresponding rate
of change Ṡν in Jy per year and frequency independent frac-

tional change Ṡν
Sν

in percentage per year (Figure 8). Our
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Figure 7. Evolution parameters of G1.9+0.3 for period of 1000
yr. Blue line represents TP DSA, namely for ξ = 4.8 and red line
represents NLDSA with Model A parameters (the most efficient
acceleration among models listed in Table 1).

model predicts increasing radio emission from G1.9+0.3 dur-
ing the part of free expansion phase, reaching its maximum
value around the age of 600 years and then decreasing dur-
ing later free expansion and Sedov phase. For determined
ambient density of 0.02 cm−3, radius around 11.3 pc marks
the end of free expansion (ejecta dominated) phase, which
we assume to be when the swept-up mass is Msw = 3Mej. In
our simulations, this happens ≈ 1700 years after the SN ex-
plosion. Model also predicts maximum radio flux densities
∼ 4.3, 3.9 and 3.1 Jy, respectively for frequencies 843, 1000
and 1425 MHz, being around 3 times higher than present
values. It can be inferred from Figure 8 that models with
higher injection parameter ξ (less efficient acceleration) give
slightly higher flux densities close to maximum, for a chosen
frequency. This is mainly due to the increasing efficiency of
MFA in Models from A to D (see Table 1), linked with the
parameter ζ . As for the rate of flux density change during
time (in Jy per year), our model suggests a maximum at
around tSNR ∼ 100 yr followed by gradual slowing down of
flux increase, until it starts to decline. Interestingly, available
measurements of radio light curve for G1.9+0.3 roughly co-
incide with this maximum (Green et al. 2008; Murphy et al.
2008; Carlton et al. 2011), meaning they probably contain
the fastest ever flux change for this SNR.

Simulations also give insight into the radio spectral in-
dex α evolution (Figure 9), reflecting the evolution of the
spectrum of accelerated electrons with energies around ∼
GeV. Evolution starts from the values close to the α = 0.5,
corresponding to TP DSA solution, reaches maximum value

MNRAS 000, 1–16 (2017)
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Figure 8. Simulated radio evolution of G1.9+0.3 during 1000
years after SN explosion. Upper panel shows radio flux density
evolution at three frequencies: 843 MHz (black lines), 1000 MHz
(red) and 1425 MHz (blue). Four models are shown for each fre-
quency: Model A (thick solid line), Model B (dashed), Model
C (dotted) and Model D (thin solid). Open circles denote radio
flux densities observed in 2008. Middle panel shows correspond-
ing rate of change of flux density dSν

dt
in Jy per year, averaged for

each frequency and line colours having the same meaning as in
the upper panel. Lower panel shows annual flux density increase,

1
Sν

dSν
dt

, in % per year, which is independent of frequency. Maxi-
mum flux density is predicted around 600 yr, which is before the
shock sweeps ISM mass equal to 3M⊙, roughly marking the end
of free expansion phase in our simulation (≈ 1700 yr).

(the steepest radio spectra) and then slowly decreases, mak-
ing spectra shallower. Evolutionary tracks for radio spectral
index were obtained by implementing models from Table 1
and they seem strongly model dependent. Higher injection
efficiency (lower ξ parameter) naturally leads to higher value
for α in maximum but also this maximum is reached earlier
in the SNR lifetime. This is in good agreement with a con-
siderable amount of observational evidence for steep spectral
indices of SNRs being ∼ 1000 years old or even few times
older, as radio spectral index slowly decrease after reaching
maximum steepness. The greatest number of evolved SNRs
have spectral indices in the interval 0.5 ≤ α ≤ 0.6, as the
DSA predicts (Urošević 2014).

Synchrotron emission spans from the radio to the X-ray
band. Reynolds et al. (2008) concluded that X-ray emission
from G1.9+0.3 appears to be purely synchrotron radiation.
We neglect X-ray emission due to thermal bremsstrahlung
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Figure 9. Simulated evolution of the radio spectral index α , de-
fined so that flux density depends on frequency as Sν ∝ ν−α . Spec-
tral index evolution is model dependent and due to this we denote
different scenarios with colours, namely Model A (red line), Model
B (blue), Model C (green) and Model D (black).

Figure 10. Spatially integrated synchrotron flux density as a
function of frequency from radio to X-ray domain. The obser-
vational data are, respectively: radio from VLA (Green et al.
2008) and MOST (Murphy et al. 2008); X-ray fluxes are taken
from Yang et al. (2016), originally observed with Chandra

(Reynolds et al. 2008) and NuSTAR (Zoglauer et al. 2015) tele-
scopes.

and synthesize synchrotron spectrum up to the highest ener-
gies by using electron spectrum obtained in our simulations
(Figure 10) and adopted to fit observations, as described
in Section 2.4. Magnetic field B2 = 280 µG inferred from
our simulations for SNR age of t0 = 115 yr in 2008, gives
the position of the break in the electron spectrum around
pb ≈ 103mpc (Equation 16). The best-fitting maximum value
for the steepening δ is 0.5, implemented through our ”toy”
model (Section 2.4) as uniformly growing function start-
ing from momenta slightly before pb, to assure physically
more consistent and smoother transition from uncooled to
cooled regime instead of a sharp break in the electron spec-
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Figure 11. Evolution of spatially integrated 4 TeV gamma-ray

emission produced by pion decay (dashed line) and IC computed
for the CMB photon field (thin solid line). The thick solid line
is the sum of these two contributions. Blue lines represents cor-
responding flux sensitivities of H.E.S.S., VERITAS and CTA
gamma telescopes. Black ball represents the current evolutionary
status.

trum10. The synchrotron spectrum in Figure 10 is obtained
only for Model A and it is obtained for maximum electron
cut-off momentum pe,max = 104.5mpc and corresponding en-
ergy Ee,max = 27 TeV, obtained by assuming Bohm diffu-
sion. Spectra for the remaining three models (Table 1) were
omitted because they are very similar. Also, modeled spec-
tra of G1.9+0.3 reveals concave-up curvature at millime-
ter and sub-millimeter wavelengths. This is expected and
indeed observed by Planck11 telescope in the radio contin-
uum of another young SNR Cas A (Onić & Urošević 2015).
After investigating alternative explanations of the observed
curvature, Onić & Urošević (2015) agree that non-linear ef-
fects of particle acceleration are mainly responsible for high-
frequency curvature in radio spectrum.

Following the approach described in Section 2.5, we
evolve the SNR during the 2500 years and calculate its 4
TeV gamma ray emission produced by pion decay and IC
computed for the CMB photon field (Figure 11). We chose
to model 4 TeV emission intentionally, as the highest CTA
sensitivity is expected around this energy12. For the present
SNR age, the expected total TeV gamma-ray emission is
4.4× 10−14 erg cm−2 s−1. Such a flux is too low for possi-

10 Tanaka et al. (2008) mention possible detection of this syn-
chrotron break in optical/infrared wavelengths as additional ar-
gument in favor of strong MFA.
11 A project of the European Space Agency (ESA). It observes
the sky in nine frequency bands covering 30-857 GHz with high

sensitivity and angular resolution.
12 Reference: CTA energy flux sensitivity,
www.cta-observatory.org

ble H.E.S.S.13 or VERITAS14 detection in ∼ 50 hr, more
than one order of magnitude bellow their sensitivities. From
the other side, present value from our model is slightly bel-
low the predicted CTA (Southern Site) sensitivity limit of
4.9×10−14 erg cm−2 s−1 around TeV energies, but expected
to reach this limit within a decade or so. The pion decay
flux is only about 1/4 of the IC gamma-ray flux, proba-
bly as a result of the low ambient gas density. Maximum
TeV gamma-ray flux is predicted to occur around the end of
free expansion phase, at the age of 1500 yr, and it reaches
1.8×10−13 erg cm−2 s−1. This value is still bellow the sensi-
tivity limit of H.E.S.S., but probably visible in TeV gamma-
rays by future instruments, including the CTA.

However, more advanced broadband modeling of
G1.9+0.3 is out of a scope of this paper. X-ray part of the
spectrum and gamma-ray emission evolution are given above
only in an illustrative way, to check how our model fits with
observations in domains other than radio. More rigorous nu-
merical treatment of synchrotron loses will be necessary in
order to obtain evolution of the emission at energies higher
than radio. We reserve a detailed modeling of SNR evolu-
tionary tracks at different wavelengths for future work.

4 CONCLUSION

The peculiar nature of radio evolution of the youngest known
Galactic SNR G1.9+0.3 is modeled by using Blasi non-linear
kinetic theory of CR acceleration in SNRs coupled with 3D
hydrodynamics, simultaneously solved with PLUTO code.
We assume this SNR originated from a type Ia supernova
explosion located near the Galactic centre, with explosion
energy 1051 erg and ejecta mass 1.4 M⊙. Hydrodynamic
equations in PLUTO code were adopted to use the space
and time-dependent adiabatic index in order to account for
the presence of energetic particles, making the fluid more
compressible. Our modeling and analysis leads to the fol-
lowing essential results:

(i) From our 3D hydrodynamic simulations of SNR evo-
lution, including a deceleration of forward shock by the am-
bient medium and due to back reaction of CRs, we estimate
the current age of G1.9+0.3 SNR to be slightly over 120
years, expanding in ambient density of 0.02 cm3.

(ii) Efficient acceleration is necessary in order to explain
observed spectral steepening of the radio spectra. Namely,
observations are well fitted for injection parameter ξ be-
tween 3.45 and 3.30, corresponding to an acceleration ef-
ficiency η = (0.5− 1.1)× 10−3 and magnetic field amplified
more than 50 times from the assumed ambient value.

(iii) Following our models, it can be concluded that ra-
dio emission increasing brightness is a common property of
young SNRs. Our model gives the average 843 MHz flux
increase gradient during 20-year period of around 0.0173
Jyyr−1 (1.8 per cent yr−1), which is in a very good agree-
ment with MOST observations and also with other available

13 H.E.S.S.: Preliminary sensitivity curves for H.E.S.S.-I (stereo
reconstruction), adapted from Holler et al. (2015)
14 Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS): public specifications webpage
veritas.sao.arizona.edu/about-veritas-mainmenu-81/veritas-specificati
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observations from a range of instruments, compiled from the
literature.

(iv) Numerical model predicts increasing radio emission
from G1.9+0.3 during the free expansion phase, reaching
its maximum value around the age of 600 years and then
decreasing during late free expansion and beginning of Se-
dov phase around 1700 years after the SN explosion. Inter-
estingly, it seems that we are currently witnessing approxi-
mately the fastest radio emission increasing than it will ever
be.

(v) The radio brightness will grow according to predic-
tion given in this paper, until its maximum flux densities of
∼ 4.3, 3.9 and 3.1 Jy, respectively for frequencies 843, 1000
and 1425 MHz, being around 3 times higher than the present
day values.

(vi) The steep radio spectral index (steeper than lin-
ear DSA prediction of α = 0.5) for young SNRs is explained
only by means of efficient NLDSA and accompanying strong
MFA. Radio spectral index also shows qualitatively similar
evolution as the radio flux, it reaches the steepest value αmax

and then becomes shallower (trending towards the value of
0.5). Higher injection efficiency η leads to higher αmax but
also causes this value to be reached earlier in the SNR his-
tory. However, temporal evolution of radio spectral index
turns out to be very sensitive to model parameters ξ and ζ .

(vii) We implement a simple ”toy” model for synthesis
of broader synchrotron spectrum from radio to X-ray, by
using electron spectrum obtained in our simulations. This
spectrum is modified in post processing by introducing a
break in the electron spectrum, to account for synchrotron
losses and modeled X-ray emission fits well the Chandra and
NuSTAR measurements. It agrees well with models of spec-
tra containing more consistent, numerical calculation of syn-
chrotron losses.

(viii) We also implement approximative model of
gamma-ray emission coming from the SNR. We inspect time
evolution of the total gamma ray flux and conclude it may be
visible in TeV gamma-rays by future instruments, including
the CTA. Model predicts increasing TeV gamma-ray emis-
sion during entire free expansion phase, reaching the maxi-
mum value of 1.8×10−13 erg cm−2 s−1 at the age of around
1500 yr.

Our model enabled us to make important conclusions
about present and predictions about future properties of ra-
dio emission from the youngest known Galactic SNR. We
want to emphasize that, although presented model contain
robust implementation, all provided quantitative estimates
should be taken with caution. Besides our limited knowl-
edge in physical descriptions of particle acceleration and
SNR evolution, a significant number of model parameters
still remain weakly constrained.

Models of radio evolutionary tracks can be of the ut-
most importance for the future observers working on pow-
erful radio telescopes like ALMA15 and SKA16. These type
of modeling can provide important information about the
evolutionary stage of SNRs, as well as to characterize the
physical conditions in the shocks where the relativistic par-
ticles are accelerated.

15 The Atacama Large Millimeter/submillimeter Array
16 The Square Kilometre Array
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