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Galactic winds are one of the most spectacular phenomena we observe in the Universe. They are
common in active galaxies, and can be powered either by stellar feedback typical of star forming
galaxies or by active galactic nuclei (AGN). These winds have a bubble structure characterized by
an external forward shock expanding in the circumgalactic medium and an internal reverse shock
separating the cool and fast wind from the hot shocked wind. While the forward shock is unlikely
to be able to accelerate particles efficiently for a long time, at the reverse shock the necessary
conditions for efficient acceleration may be present. The power of these outflows ranges from
10 ergs™! up to 10 ergs™! making galactic wind bubbles powerful particle accelerators. We
develop a model for particle acceleration at the termination shock of such superbubbles analysing
the differences between AGN-driven and starburst-driven scenarios. This is done solving the
transport equation in the entire wind bubble structure accounting for diffusion, advection and
energy losses. We show that the maximum energy in these systems can be of order 10> PeV. We
finally explore the associated multimessenger observables both in terms of escaping particles and

hadronic byproducts such as gamma-rays and neutrinos produced via pp and py interactions.
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1. Introduction

Outflows are ubiquitous in galaxies as they can be powered by several different processes such
as stellar winds, supernovae or active galactic nuclei (AGN) [1]. In particular, starburst galaxies
(SBGs) and AGN are characterized by an extreme release of energy in their central kiloparsec-scale
region powered by an enhanced rate of supernovae (see [3]) and the accretion onto a super-massive
black hole (SMBH, see [2]) respectively. The net result of such a strong energy release in a compact
region is the growth of local temperature and pressure resulting eventually in a large-scale outflow
expanding through the galactic halo. The power of the wind can range over several orders of
magnitude, from 10* erg s~ up to 10% erg s~!, making this system unique for particle acceleration
and multimessenger emission [4—10].

The outflow is characterized by an onion-like structure similar to a bubble as shown in Fig. 1
and it is powered by a central engine, which is either an AGN or starburst nucleus (SBN). The wind
breaking out the galactic disk is supersonic and expands adiabatically with approximately constant
terminal velocity (u; ~ 103kms™!, see also [11, 12]) in the galactic halo. The fast and cool wind is
compressed and heated at the wind shock, which is indicated in the figure by R¢,. The wind shock is
a strong shock, where the Mach number can be expected to be as large as Mg, = 10, providing the
conditions for efficient particle acceleration (see [10]). The shocked wind decelerates adiabatically
(12 oc r=2) up to the contact discontinuity separating the wind fluid from the shocked halo medium.
Ahead of the contact discontinuity one can find the forward shock indicated in the figure by Rps.
The forward shock is expected to be mildly transonic, Mgs ~ 1, limiting the efficiency of particle
acceleration at such discontinuity.

The dynamics of the wind bubble is characterized by an initial free expansion during which
the two shocks and the contact discontinuity expand very close to each other. As soon as the swept
up mass becomes comparable with the mass of the wind itself the system decelerates. At this point
the evolution of the system becomes self-similar and the two shocks decouple. In particular, in a
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constant density ambient medium, the wind shock slows down its expansion as Ry, ~
the forward shock proceeds as Rgs ~ 35112, 13]. The decoupling of the shocks results in an
expansion of the shocked wind region which starts inflating. At late times, when the pressure in the
shocked bubble has decreased to a level comparable with the halo pressure (Pj), the wind shock

can stall while being sustained by the cool wind ram pressure, So that Ry, ~ Muy [ (4nPy,).

2. Particles and radiation in the wind bubble

The evolution of the system is slow compared to the typical timescales of particle acceleration,
so that stationary conditions allow to characterize the population of high-energy particles in the
system. The innermost part of the system is described by a wind radial profile u;(r) and particle
density n;(r) that can be derived following the prescriptions of [11] once the main parameters
of the wind, such as the mass-loss-rate M and the terminal wind speed V., ~ u;, are set. The
shocked wind is characterized by the radial velocity profile u,(r) o r~% and a constant density. The
wind superbubble is approximately spherical, so that the transport of particles is treated assuming
spherical symmetry. We estimate the magnetic field strength in the system assuming that a fraction
ep ~ 10% of the kinetic energy density of the upstream fluid, m pnu% /2, is converted into magnetic
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Figure 1: Wind bubble structure. The central source (starburst nucleus or AGN), from which the wind is
launched, is located in the center of the galactic disk. The blue (red) arrow corresponds to the cool (shocked)
wind region. The wind shock (Rg,) separates the two regions. The forward shock (at Rgs) corresponds to the
boundary of the system from the undisturbed halo region (credit: 1. Peretti).

field energy density Up = B>/87. We also assume that at the wind shock the perpendicular
components of the magnetic field are compressed by a factor 4, which implies that the strength
of the magnetic field is enhanced by a factor V11 and remains spatially constant in the whole
downstream region.

In this context, we model particle acceleration and transport of energetic protons by solving
the CR transport equation in the entire wind superbubble. Particles are injected at the wind shock
position Ry, and freely escape once they reach the forward shock at Rpg. Particles in the system are
described by

u(r)Vf(r,p) =VID(@r, p)Vf(r.p)] + gapf(r,p) Vu(r) +Q(r, p) - L(r, p). ey

Here f is the CR phase space density depending on the radial coordinate r and momentum p of
particles. We assume particle injection at the wind shock, Q(r, p) = nun, /[4np?]6[p— Pinjlo[R—
Rg], where nn < 1 is an efficiency factor, and L(r, p) = n(r) o, (p) ¢ f(r, p) is the energy loss
term accounting for pp collisions. The space-dependent diffusion coefficient is assumed to follow,
D(r,p) = r.(r,p)* %1 f‘l /3, motivated by quasi-linear theory where rr is the Larmor radius and
l. is the coherence length of the turbulent magnetic field. We adopt 6 = 1.5 as prescribed by
MHD (Kraichnan) turbulence and we assume /. = 10% pc. We also account for a transition of the
diffusion regime for momenta larger than a critical momentum scale p. determined by r (p.) = [..
Following Ref. [15], we assume D(p) = D(r, p.)(p/p+)? for p > p..

We solve the transport equation following the procedure developed in [14] and adopted by [10]
in the context of starbursts. We refer the interested reader to these works for additional details on the
numerical solutions and analytic expressions of the functions introduced below. In the following we
limit ourselves to reporting and discussing the main physical insight of the solution at the shock, in
the internal cool wind (upstream) and in the outer warm shocked wind (downstream). The solution
at the shock has the form

.. S
fan(p) = s’“”gR (@) oM (PHT2(p)] )
A7 i \ P
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Figure 2: Particle spectrum in momentum space and in physical space. Top panel: Particle spectrum as a
function of momentum. We show the solution at the shock (thick black line) compared to the solution at
0.75 Ry, (red dashed line) and 0.5 Ry, (blue dot-dashed line). The escaping flux is indicated by the green
dotted line. The vertical violet dotted lines highlight the energies at which the radial behavior is shown in
the bottom panel. Bottom panel: Radial scaling of the solution at different energies highlighted in the top
panel. We show the solution at pp,x (131 PeV, thick black line) compared with the solution at 2 PeV (dred
dashed line), 20 PeV (dot-dashed line) and 500 PeV (green dotted). The vertical dotted line indicates the
shock position.

where one can recognize a power-law behavior with index s in agreement with the standard prediction
of diffusive shock acceleration (DSA). The effective high-energy cut off and its shape is determined
by the functions I'; and I'; which account for the geometry and energy losses in the upstream and
downstream regions respectively. The acceleration efficiency 7cr is taken such that the total CR
pressure at the shock is 10% of the fluid ram pressure (Pray = nm puf). The solution fi in the
upstream region is regulated by the competition between diffusion and advection as

_ (R ’ ’ ’
fi(r.p) = fu(p) e F AR, 3)

where V| is the effective advection speed experienced by particles at different momenta. Particularly
interesting is the spatial behavior of the solution, which is exponentially suppressed according to
the effective diffusion length Ap = D/V). The solution f; in the downstream region is set by the
dominant role of the advection over diffusion and the escape taking place at Rrs = Regc, Whereas



Exploring galactic wind superbubbles by multimessenger observations Enrico Peretti

energy losses are not dynamically relevant. Its analytic expression follows

— ea(rsp)_a’(Resc’P)

f(rp) = fin(p)2

; “

1 - e_a(Resc’p)

where the parameter « contains the physical information on CR transport and escape, a(r, p) =
[Rshuz/D2(p)] (1 — Rgw/r). The escaping flux is defined as jesc = —Dd, f evaluated at the free
escape boundary Reg. Its expression is analytic and reads

Jese(P) = u2 fsn(p) [Rsh/Resc]z/[l - e_a(Resc’p)] . )

Figure 2 shows the spectrum of accelerated particles in momentum space (top panel) and
physical space (bottom panel). These results are obtained in a prototype scenario (hereafter
PS1) characterized by the following set of parameters: M = 10Mgyr~!, u; = 3000kms~! and
Pn/ksg = 5- 10*Kcem™3. The age of the system is assumed to be #,5e = 10? Myr, so that R, =~ 15 kpc
while Resc ~ 35kpc. By defining pmax as the momentum at which p® f(p) is reduced by one e-
folding with respect to the extrapolation at high momenta of p* f(piy;j), we find that particles can
be accelerated to energies as large as 10% PeV in this system. The shape of the spectrum at the
shock (top panel, thick black curve) agrees with the standard DSA prediction, p~*, for p < pmax,
while the transport solution at smaller radii presents a strong low-energy cut off (top panel, red
dashed and blue dot-dashed curves). Complementary information is provided by the shape of the
distribution function in physical space (bottom panel), where one can appreciate the competition
between advection, which pushes particles towards the shock, and diffusion, which tries to isotropize
the spatial distribution. This competition is encapsulated in the momentum-dependent diffusion
length Ap, which allows only particles with p = ppax to approach the center of the system while
suppressing the back-streaming of particles with low momenta. The solution in the shocked wind
region (downstream) is dominated by advection. Therefore, the escaping flux (top panel, green
dotted curve) is almost identical to the particle spectrum at the shock. The dominant advection can
also be observed in the spatial solution (bottom panel), where the particle density is practically flat.

Gamma rays (y) and neutrinos (v) are produced in both the upstream and downstream regions
as the result of pp and py interactions, where we assume that the target photon field is the low-
energy spectral energy distribution (SED) of NGC253 described in [16]. We compute the emissivity
in gamma-rays as the result of pp collisions following the prescription of [17] and adopting the
NAIMA package [18]. The flavor-averaged neutrino luminosity is then obtained adopting the scaling
L,(E,) = L,(E,)/2, where E, ~ 2E,,. The y and v emissivity resulting from p7y interactions is
obtained adopting the formalism presented in [19]. Catastrophic energy losses such as pp and py
do not have a relevant dynamical impact on the accelerated particles because the plasma is highly
diluted in the wind bubble and the radiation field decays as 7~ from the central source. Despite of
the low dynamical relevance, particles are confined in the wind bubble system for a sufficiently long
time to sustain high luminosity, especially coming from the downstream region where the solution
is spatially flat.

Figure 3 shows the gamma-ray (thick red line) and neutrino (blue dot-dashed and orange
double-dot-dashed for pp and py, respectively) SED obtained for the parameter set PS1 assuming
a source distance of 3.9 Mpc. The results are compared with the gamma-ray (green dashed)
and neutrino (pink dotted) emission of a starburst nucleus (SBN) similar to NGC253 (see [20]),



Exploring galactic wind superbubbles by multimessenger observations Enrico Peretti

— IWind yl—
() Wind (pp) v, — -
N . -
= wind (py) vy

(&)

>

() — E
O . ~.

) N

L . E
U \

108 107 108
E [GeV]

Figure 3: High-energy gamma-ray and neutrino spectra at Earth assuming a luminosity distance dy =
3.9 Mpc for the same accelerated particle population shown in Fig. 2. We show the gamma-ray and neutrino
flux from the wind (thick red and dot-dashed blue lines) compared to the emission from an hypothetical co-
existing SBN (green dashed and pink dotted lines) tuned to the properties of the starburst nucleus of NGC253
as described in [20] and assuming pmax sen = 1 PeV. The effect of EBL absorption on the gamma-ray
spectrum is also taken into account.

where the maximum energy is assumed to be 1 PeV as inferred for accelerators in the Milky Way.
In contrast to the emission of the host galaxy, gamma rays produced in the wind bubble suffer
only absorption in the cosmic microwave background (CMB) and in the extragalactic background
light (EBL, see [21]), possibly extending the unabsorbed spectrum up to > 30TeV. The neutrino
emission is dominated by the wind bubble emission at ~ 10?> TeV where the high-energy cut off of
protons accelerated by galactic sources is reflected in the secondary byproducts.

3. Deciphering maximum energy and luminosity

The power of galactic winds can range over several orders of magnitude (10%° — 10% ergs™!)
leading to a large variety of objects in terms of maximum energy of accelerated particles and
luminosity. We explore different realizations of these systems by performing a scan of the parameter
space regulating the total power under the assumption of constant halo pressure Pj/kg = 5 -
10* Kecm™ and 10? Myr as typical age of the system. In particular, we allow M to range from
0.1Mgyr~" up to 50Mgyr~!, and u; from 500kms~! up to 3000kms~'. We focus on the
maximum energy of accelerated particles and the bubble luminosity in terms of flavor-averaged
neutrino luminosity at 25 TeV (L, (25 TeV)). In the left panel of Fig. 4 we report the color-coded
scatter-plot associated to ppyax, Wwhile in the right panel we show the corresponding values for
L,,(25TeV). The maximum energy of accelerated particles extends over more than three orders of
magnitude, from < 0.1 PeV up to > 10? PeV, and increases with increasing power of the system. In
general, it is possible to observe that mild wind powers (~ 10*! ergs™!) are sufficient to accelerate
particles at energies at least > PeV. The bubble luminosity, parametrized by L, (25TeV), has a
less trivial behavior because it depends on the convolution of the target density with the size of
the downstream region where most of the emission takes place. The latter is determined by the
dynamics of the system and its age. In our scenario we are keeping the age and the external pressure
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Figure 4: Scatter plots of pmax (left panel) and L, (25 TeV) (right panel) for different configurations of M
and u;. The luminostiy L, (25 TeV) is normalized to the nominal luminosity Lo ~ 4.7 - 10°Lo.

constant. Therefore the luminosity grows with increasing wind power provided that the shocked
wind region has enough time to inflate. For this reason L, (25 TeV) mildly increases for higher
wind speed up to M ~ 10 Mg yr~!. For higher M we obtain the opposite behavior since the shocks
characterizing the system decouple at a time comparable with the age of the system.

We finally explored more powerful systems with different conditions of external halo pressure.
While starburst winds are unlikely to reach velocities higher than ~ 3000 km s~!, winds with extreme
mass loss rates, such as luminous infrared galaxies (LIRG and ULIRG), or outflows driven by AGN
can be responsible for higher powers. [22]. In particular, we found that galactic wind superbubbles
characterized by velocities > 5000km s~ and Pj,/kp ~ 5 - 10° Kcm™ can accelerate particles at
energies as high as ~ EeV at their wind termination shocks.

4. Summary and conclusions

We explored particle acceleration and multimessenger emission in galactic wind superbubbles.
We found that mild winds (> 10*! erg s™!) are likely sufficient to accelerate particles to PeV energies
while stronger winds (> 10*3 ergs™!) are necessary to reach 10> PeV. Cosmic ray reaching EeV
energies require systems powered by extreme injection power 10** — 10% ergs~!. These activity
levels are unlikely to be found in SBGs but can be found in LIRG, ULIRG and AGN. Wind
superbubbles have a great potential as multimessenger sources in terms of escaping cosmic rays,
and hadronic byproducts such as gamma rays and neutrinos. In particular, systems with longer
lifetime are expected to be more luminous in gamma rays and neutrinos due to the expansion of
the system. Wind superbubbles powered by SBGs and AGN are promising candidates for future
investigations of both point-like and diffuse radiation of gamma rays, neutrinos and CRs at the
highest energies (see also [6, 10, 23, 24]).
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