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Abstract. Radiative emissions from electrons and positrons generated by dark matter (DM)
annihilation or decay are one of the most investigated signals in indirect searches of WIMPs.
Ideal targets must have large ratio of DM to baryonic matter. However, such “dark” systems
have a poorly known level of magnetic turbulence, which determines the residence time of
the electrons and positrons and therefore also the strength of the expected signal. This
typically leads to significant uncertainties in the derived DM bounds. In a novel approach,
we compute the self-confinement of the DM-induced electrons and positrons. Indeed, they
themselves generate irregularities in the magnetic field, thus setting a lower limit on the
presence of the magnetic turbulence. We specifically apply this approach to dwarf spheroidal
galaxies. Finally, by comparing the expected synchrotron emission with radio data from the
direction of the Draco galaxy collected at the Giant Metre Radio Telescope, we show that
the proposed approach can be used to set robust and competitive bounds on WIMP DM.
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1 Introduction

Dark matter (DM) is a fundamental ingredient in the formation of structures in our Universe.
Yet, its fundamental nature remains elusive. Weakly interacting massive particles (WIMPs)
are one of the most investigated classes of DM candidates in the literature [1]. The weak
interaction implies that WIMPs in DM halos annihilate in pairs or decay into detectable
species. Thus, information on the WIMP physical properties can be obtained through indirect
searches, namely by studying the astrophysical signals associated to the annihilation/decay.
Among the various channels, a sizable production of electrons and positrons is a general
feature of WIMP models [2]. They in turn generate synchrotron emission in the magnetized
atmosphere of astrophysical structures, which could be observed as a diffuse radio emission
centered on the DM halo distribution [3].

The search for faint, diffuse radio emission in targeted galaxies is expected to undergo a
golden era in the forthcoming years. New radio facilities, like LOFAR, the GMRT, ASKAP
and MeerKAT, have started operation. In the next decade, the SKAO will be the radio
telescope providing unmatched sensitivity, angular resolution and frequency coverage, to
search in a deeper and deeper way for diffuse radio emissions [4].

It looks appealing to search for WIMP signatures with radio telescopes [5, 6]. An
important obstacle immediately appears, and it is the presence of radio diffuse emission from
“ordinary” astrophysical processes. How to disentangle it from the possible DM contribution?
The conceptually simplest way to address the issue is to focus on dark, quiescent systems,
where the star formation rate is suppressed, and thus cosmic-ray (CR) accelerators that
would lead to ultra-relativistic electrons and to synchrotron radiation are absent.



According to numerical simulations, the halos of galaxies are populated by smaller sys-
tems, with many of such subhalos being inefficient in forming stars. A population of satel-
lites that is observationally detected and that lacks recent star formation is given by dwarf
spheroidal (dSph) galaxies [7]. A key question about a possible synchrotron emission from
dark systems is about the presence of a significant magnetic field. While it is plausible to
assume a coherent component at the level of uG [8], either generated during the history of the
object or coming from the large scale magnetic lines of the host galaxy, the presence of a turbu-
lent component, in absence of star formation, is more uncertain. The turbulence is fundamen-
tal in setting the confinement scale of the electrons and positrons. This is a crucial point for
the WIMP signal since the objects we just mentioned are typically quite small, and electrons
might travel well outside the object region before emitting a significant synchrotron radiation.

Such uncertainty on the magnetic properties has led to an uncertainty of several orders
of magnitude in the predicted radio signal in dSphs [9], and thus in the bounds on the WIMP
annihilation rate [5, 9-17]. Its assessment is thus mandatory to determine whether or not
dSphs are promising targets for WIMP radio searches.

In this work, we propose a novel approach, which considers the fact that the electrons
and positrons injected by WIMPs generate themselves magnetic irregularities and so they
induce a certain level of turbulence. We quantitatively compute such effect and derive under
which conditions this mechanism is relevant to effectively confine e™ — e~ inside “dark”
Systems.

The paper is organized as follows. Section 2 describes the diffusion and turbulence
equations and their solution (with numerical details in appendix A and an approximate an-
alytical solution in appendix D). The formalism is then applied to the case of dSph galaxies
in section 3, where we also describe the impact of the magnetic field modeling on the esti-
mate of WIMP-induced synchrotron radiation. In section 4, we focus on a specific case, the
Draco dSph, and we derive bounds on WIMP DM by comparing the expected emission with
observations from the GMRT telescope. Details on the DM profile in Draco and on the radio
observations are reported in appendix C and B. We summarize our findings in section 5.

2 Evolution of the electron/positron density and magnetic turbulence

The propagation of CRs in turbulent magnetic fields is an inherently difficult problem [18].
The charged CRs are deflected in the magnetic fields. In a constant magnetic field, CRs spiral
around the magnetic field lines. However, as can be shown in linear pertubation theory, the
presence of a (small) turbulent magnetic field on top of the regular field, randomly changes the
angle between the motion of the CR and the regular magnetic field, effectively leading to the
diffusion of the CR along the magnetic field lines. At the same time, the motion of the charged
CRs induces magnetic fields and stimulates turbulence [19]. The equations describing the
coupling of magnetic fields to the CR plasma are studied in magnetohydrodynamics. While
there are numerical tools (e.g., particle-in-cell simulations) to solve these equations, the
currently available computing power is not sufficient for the scale of (dwarf) galaxies, given
the several orders of magnitude of separation between the galaxy scale and the CR gyro-
radius. Therefore, we rely on a more phenomenological-driven method, where the transport
of electrons and positrons is described by diffusion, advection, and energy losses. Then we
assume spherical symmetry. This is a simplifying but fair approximation, since representative
of a model in which a strong gradient in the CR intensity may manifest in connection to a
gradient in the source function and one in the turbulence distribution. On the other hand,



the two gradients may not be aligned (e.g., a spherical source versus turbulence flowing along
lines of a regular magnetic field being large scale dipole or toroidal).
With above assumptions, the transport equation is given by [20]:

% = %2% 7 aar;e - T’2UA’I’Le} + %TA@% [gﬁcne] - 6% [Ene} + qcr - (2.1)
Here, ne is the electron (or positron) density in the energy interval [E, E + dFE], D is the
spatial diffusion coefficient which may depend on the radial distance r and energy F, v4 is
the Alfvén velocity that transports the electrons radially away from the center of the system,
¢ is the speed of light, gcr is the source term, and F describes the energy losses due to
synchrotron emission and inverse Compton scattering.'

In this work we consider electrons and positrons to be injected by the pair annihilation of
DM particles. We assume that there is no other source coming from astrophysical processes.
Thus, the source term is given by:

P%M(T) dNef
Qm%M dE ’

qcr(r, E) = (ov) ¢ (2.2)

where ppy is the DM energy density, mpwy is the DM mass, (ov) s is the velocity-averaged
annihilation cross section into the final state f, and dNef /dE is the energy spectrum of the
electrons and positrons produced from the annihilation, which depends on the annihilation
channel f. In figure 1, we show a few examples of dNJ /dE used in this work. We model ppy
with a Navarro-Frenk-White (NFW) DM profile [21]: pnpw () = ps7s/7/(1 4+ 7/15)?, with
two free parameters, ps and r,. In appendix C we discuss also a different choice, considering
a cored profile.

The advection term depends on the Alfvén speed that, for a given magnetic field, can

be estimated from the plasma density n, through vy ~ 63km/s/10=3cm=3/n, By/uG.
The diffusion of CRs is mediated by scattering processes on the turbulent magnetic field
and we denote the power spectrum of the magnetic turbulence with W = W (k,r,t). From
linear perturbation theory, the relation between the diffusion coefficient and the turbulence
spectrum is given by [18]:
D(rp, 1) = Dg(p)4/m

kW (r k,t) (2:3)

where Dp(p) = r1(p)c5/3 is the Bohm diffusion coefficient. For resonant interaction between
Alfvén waves and CR scattering, the wave number k£ and the momentum p of the CR are
related by via the Larmor radius, r1,(pres) = 1/kres ~ 3.3 x 107 (E/GeV) (uG/Bg) km.
Turbulence in a galaxy with sizeable star formation rate, such as the Milky Way, is
usually assumed to be injected in the system as an astrophysical feedback, such as from
supernova explosions [22]; on the other hand, recent reanalyses — mostly in connection
to spectral features in local CR fluxes — have shown that streaming instabilities of CR
themselves may be an additional and relevant source of turbulence in the Galaxy [23-25].
Self-generation of magnetic turbulence is also studied as a solution to the observed inhibited
diffusion in TeV halos around pulsar wind nebulae [26, 27]. Here the turbulence is created
by the injection of the electrons and positrons from the pulsar with a burst-like source term.

13We note that there are two different ways to write the advection term in literature. The divergence term
can be partly reshuffled between electron current (first term) and the adiabatic energy-losses (second term).



10 E T T ||||||| T T ||||||| T ||||||| T T ||||||E>
i — bb ]
2 — 1T E
10 +
: — W :
10'E E
8a C ]
= L i
\q) 0
Z 10 F E
= E ]
= > ]
U —— " 3
107 3 E
'3 i 1 11 1111 II 1 1 1 1181 I | I 1 11 1111
10"~
10" 10° 10 10° 10°
E [GeV]
Figure 1. Injection spectra of et /e~ for different annihilation channels, bb (blue), 7+7~ (red) and
uTp~ (green), and for three different DM masses, 10 GeV, 100 GeV and 1 TeV (see cutoff).
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Figure 2. Left: power spectrum of the magnetic turbulence as a function of the wave number, for a
reference DM scenario (detailed in the text) and at three different distances from the center of the sys-
tem, 0.2 kpc (dashed), 0.5 kpc (solid), and 2.0 kpc (dotted). We show the effect of varying the strength
of the regular magnetic field, considering By = 0.1 uG (red), By = 1.0 uG (black), and By = 10 uG
(blue). We remind that E ~ (10°pc™!/k) (By/uG) GeV. Right: spatial diffusion coefficient as a func-
tion of energy for the same particle DM scenario and radial distances of the left panel. We investigate
the dependence on the size and normalization of the DM profile by considering p, = 4 x 107 M,/ kpc?
with 7, = 0.1, 1, 10 kpc (red, black, blue) and ps = 4 x 10% Mg, /kpe® with r, = 0.1 kpc (green).



Considering “dark” systems, like dwarf spheroidal galaxies or isolated DM clumps, in
which the star formation rate is highly suppressed, we discuss here the possibility that this
second effect alone can become sufficiently efficient to give rise to a diffusive halo. In this
scenarios, we assume that turbulence is self-generated only by the electrons and positrons
from DM annihilation. This is clearly a lower bound for the turbulence (since some rare
astrophysical events might still contribute) and thus a conservative estimate. In particular, if
giant halos around galaxies exist, as possibly suggested by 7-ray data [28], some non-negligible
CR and plasma densities might be present at the dSph location, leading to non-negligible
generation of turbulence and damping. Also, depending on the annihilation final states, there
might also be a significant protons/antiprotons production from DM, which would enhance
the turbulence. Including these additional contributions is beyond the scope of this work,
which focuses on determining an inescapable lower limit. Let us also stress again that we are
assuming spherical symmetry and that the diffusion is occurring along magnetic field lines
that are radially directed. If the magnetic field configuration of a real target, including all
these contributions, has a different symmetry, our description has to be accordingly modified.

We model the cascading of turbulence and the advection with Alfven waves, and the
turbulence power spectrum evolves according to [29, 30]

ow 0

- = 2
ot~ ok (r*vaW) + Lo (ne, k)W . (2.4)

ow 10
Dpy(W)——| — 5=
[ k(W) ok } r2 or
The first term on the r.h.s. describes the turbulent cascade by a diffusion in k, the second
term accounts for advection with Alfvén velocity v4, and the third term includes the source
of turbulence given by resonant streaming instability. We assume Kolmogorov turbulence,

setting the wave number diffusion coefficient to:
Dy(W) = cpuak™ >V WV,

with the numerical factor ¢; = 0.052.
The growth rate of the turbulence through streaming instability is given by [24, 25]:

af
or

_ AT cvyg
- 3kW(k) B2/(8m)

30)

Ler ; (2.5)

..
where By is the coherent magnetic field of the system, 47 p? f dp = n.dE and we consider
E ~ p since the electrons are relativistic. In eq. (2.4) we neglected damping. There are
different damping terms discussed in the literature. A nice overview is given for example
in ref. [31]. For the systems under consideration, i.e., with low stellar turbulence, the most
important process would be the ion-neutral damping, due to momentum transfer or charge
exchange of ions and neutrons. We model it adding a term —I'iNpW to the r.h.s. of eq. (2.4)
with I'np as described in ref. [25]. By considering reasonable plasma densities for dwarf
galaxies, we found that damping is not relevant in these systems. Thus, for simplicity, we
neglect the damping term in the rest of the paper.

We solved the two coupled egs. (2.1) and (2.4) numerically, with a Crank-Nicolson and
explicit scheme, respectively. We refer the reader to appendix A for details on the numerical
implementation.

To understand the level of turbulence that can be provided by DM and the associated
diffusion coefficient, we show some illustrative solutions in figures 2 and 3. For the plots of
sections 2 and 3, we define a reference model with the following ingredients (reported also in
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Figure 3. Power spectrum of the magnetic turbulence as a function of the wave number, for the same
reference DM scenario of figure 2, but with the annihilation cross section increased by one order of
magnitude, (ov) = 10723 cm?3/s. We show the effect of varying the Alfvén speed, considering v4 = 6.3
km/s (red), v4 = 63 km/s (black), v4 = 630 km/s (blue), and v4 = 6300 km/s (green) and report the
results at three different distances from the center of the system, 0.2 kpc (dashed), 0.5 kpc (solid),
and 2.0 kpc (dotted).

By Vg DM Ds Ty MpM (ov) annihilation
(1G] | [km/s] | profile | [My /kep?] | [kpc] | [GeV] | [em?3/s] channel
1 63 | NFW | 4x 107 1 100 | 1072 bb

Table 1. Parameters for the “reference” model used in sections 2 and 3. In figures 2-4 some of the
above parameters are varied, as specified in the caption of each figure and in the text.

table 1): mpy = 100 GeV, (ov) = 10724 ecm? /s, annihilation into bb, ps = 4 x 107 M, /kpc?,
rs = 1 kpc (the latter two numbers are chosen to have a typical DM density of dSph galaxies,
see later the case of Draco), By = 1.0 uG and v4 = 63 km/s. In each figure, some of these
parameters can be varied, and this is specified in the captions and in the following text.
From both figures 2 and 3, one can notice that the level of turbulence generated by DM
increases towards the center. The main reason behind this behaviour is simply the higher
DM density (and thus source term) at smaller radii. In the left panel of figure 2, we see that
as By increases, W decreases. This can be understood from eq. (2.5) with By being at the
denominator. In other words, the level of turbulence is set by the ratio between the turbulent
magnetic field induced by DM and the coherent magnetic field, and, for a higher value of the
latter, one gets the same ratio (i.e., the same turbulence) only for a higher DM source term.
In the right panel of figure 2, we show the diffusion coefficient obtained from eq. (2.3),
for the same reference scenario, and investigating the impact of the size and normalization of
the DM mass density. First we vary s, keeping fixed ps (red, black and blue curves) and see
that the confinement becomes more and more effective (i.e., the diffusion coefficient decreases)
as the source size increases. Note that we do not consider diffusion coefficient larger than



103'em? /s. The reason is related to the fact that eq. (2.1) is an effective equation, in particular
it is not covariant. This means that for large D (and fixed size of the diffusion region), it
can describe propagation of particles faster than light. To prevent this issue, we impose
D < 103'em?/s. For such maximal value of D, the picture is essentially equivalent to a free
escape [8], so in other words we treated all the cases providing D > 103'cm? /s as free escape.

In the right panel of figure 2 we also show a case (green line) with a “small” size of the
source, 7s = 0.1 kpc (compared to ~ 1 kpc of a dwarf galaxy), but with p, increased by one
order of magnitude with respect to the reference scenario, ps = 4 x 108 M,/ kpc?. This shows
that the effect we are describing in this work, with a focus on dwarf galaxies, can be relevant
in general for dark clumps, that, on the other hand, must have large DM over-densities.

Figure 3 shows that the effect of advection is marginal, for the systems under consider-
ation. It can have an impact only for extremely large values of the Alfvén speed, v4 > 103
km/s. This can be understood by estimating the time-scales associated to the three physical
processes included in the equations:

L \? 10%cm? L 10k
g ~ 10 s () 10%em’/s g~ 3 x 1019 L 10km/s
kpc D kpc wvg
GeV B\?
Tows ~ 4 x 10'0g % [1 0.1 <MG> ] . (2.6)

These estimates tell us that for D > 10*®cm? /s, advection and energy losses are typically sub-
dominant, and that for D ~ 10**cm? /s, which is the case for different benchmark cases shown
in our plots, one needs v4 ~ 10% km/s to make advection the dominant transport mechanism.
In figure 3, we increased the annihilation cross section to (ov) = 10723 cm3/s in order to have
a picture with lower D, i.e., to have scenarios with more relevant impact from advection.

3 The case of dwarf spheroidal galaxies and synchrotron radiation

In this section, we set the DM profile to the case of a prototypical dSph galaxy. In particular,
we consider again an NFW profile with p, = 4 x 107 M, /kpc3 and ry; = 1 kpc, that are
the best-fit values found in the case of Draco, see appendix C. Here Draco is taken as a
benchmark dSph, and considering other classical dSph galaxies would produce very similar
plots. In figures 4 and 5 we show again solutions of egs. (2.1) and (2.4) (the latter reported
in terms of D instead of W using eq. (2.3)).

First, we explore the dependence on the strength of the coherent magnetic field. We
assume this magnetic component to be present independently from DM. Plausible estimates
point towards a strength at the level of uG or fraction of uG, see, e.g., discussion in [8]. In
figure 4, we take (ocv) = 10724 cm?/s (and all the other parameters as in the reference model
of table 1), and see that for By < 1 uG, the self-confinement is important. Indeed for By ~
fraction of uG, we get low values of D, and electron densities that are orders of magnitude
larger than in the free escape case (as it can be seen by comparing red and blue curves in
the right panel).

In figure 5, we set By = 1 uG and explore the dependence on the annihilation cross
section. It is clear that for larger (owv) the source term is larger, and so the generation of
turbulence is more effective, leading to a lower diffusion coefficient and larger electron density.
It is important to note that the effect deviates from a simple linear scaling. There are two
saturation effects: for too low level of injection from DM, one always gets a “free-escape”
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function of energy for a reference scenario (detailed in the text) and investigating the dependence on
the regular magnetic field. We show three different radial distances, 0.2 kpc (dashed), 0.5 kpe (solid),
and 2.0 kpc (dotted), and three different magnetic field strengths By = 0.1 uG (red), 1 uG (black),
and 10 uG (blue, where eq. (2.3) would give D > 103'cm?/s).

scenario, whilst on the contrary for very large injection one ends up in a scenario where
the residence time is mostly determined by advection (see discussion of eq. (2.6)), which is
independent from (ov).

From the determination of the e™ — e~ number density n. that we just discussed, we
can now compute the synchrotron emissivity at a given frequency v by folding n. with the
total radiative emission power Pyy, [32]:

Jan(var) = / dE Py (r, E,v) ne(r, E) . (3.1)

The unpolarized synchrotron power depends on the total magnetic field B, i.e., on the sum
of the coherent (that we call By) plus random (that we call  B) magnetic fields. We compute

the latter from 0B = By /[ dk W (k). For models in the ball-park of the bounds we are going
to derive in the next section, § B < By, and thus B ~ By, which is reassuring, since we are
working under the quasi-linear approximation.

It is well known that the synchrotron power roughly scales with B? with a cutoff for
B < v/GHz (15GeV/E)2. Since B enters in the determination of n., the dependence of
the emissivity from the magnetic field is not trivial (and depends on mpy;, (ov) and on the
annihilation channel).

We show some illustrative cases in figure 6, taking again a typical dSph, Draco, and a
radio frequency of 650 MHz. We vary the magnetic field strength between 0.1 and 1 uG,
and consider two DM masses, 10 and 100 GeV, and two annihilation channels, bb and 7+7~.
We set the cross section so to have non-negligible confinement (more precisely we choose the
value corresponding to the limit, computed in the next section, for By = 1 uG).

We see that for mpy = 100 GeV, i.e., for scenarios efficiently injecting electrons at
energies far from the cutoff of the synchrotron power, an increase of By from 0.1 to 1 uG
does not lead to significantly larger fluxes, or even to lower emissivity, see the 777~ case.
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Figure 5. Spatial diffusion coefficient (left) and equilibrium number density of electrons (right) as
a function of energy for a reference scenario (detailed in the text) and investigating the dependence
on the annihilation cross section. We show three different radial distances, 0.2 kpc (dashed), 0.5
kpc (solid), and 2.0 kpc (dotted), and three different annihilation cross sections (ov) = 10724 cm? /s
(black), (ov) = 10723 cm3 /s (red), and (ov) = 10722 cm3 /s (blue).

Namely, the reduction in n, for larger By, due to a smaller confinement time, is compensating
the increase in the synchrotron power, and the dependence of the signal on the By strength
is mild. On the other hand, for lower DM masses, the scaling with By can be dramatic since
the peak of the distribution of the injected e™ — e~ is now at an energy lower than the one
corresponding to the cutoff in the synchrotron power.

4 Bounds from radio observations of the Draco dSph galaxy

Our final goal is to derive bounds on WIMP DM by comparing the radio emission induced
by DM in dSph galaxies with observations.
The flux density measured by a telescope can be estimated as

ZE{S’ 9,¢)) : (4.1)

Sin(v,00) = /d¢d9 sin 0G(0, b, 90)/ds Jsyn (Vs

where s labels the coordinate along the line of sight, ¢ and 6 are the angular coordinates, 6y
is the direction of observation, and G gives synthesized beam of the telescope.

In the evaluation of eq. (4.1), we need to specify five ingredients, two of them related to
the WIMP microscopic properties, i.e., the particle mass mpy; and the annihilation rate (ov),
and three related to the dSph, namely, the DM spatial distribution, the regular magnetic
field, and the plasma density (the latter to provide the Alfven velocity, see above). We derive
bounds in the plane (ov) versus mpy.

We constrain the DM profile p via Jeans analysis and using the dispersion velocities
of the dSph stellar component. In particular, we consider the parametric form of the NFW
profile [21], and derive the likelihood Ljeans associated to the parameters (ps,7s) describing
the distribution. For more details, see appendix C, where we also consider the case of a cored
profile described by the Burkert parametrization.
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Figure 6. Emissivity at 650 MHz as a function of the radial distance from the dSph center. In
the left panel we consider the bb annihilation channel, and set the annihilation cross section to
(ov) = 3.3 x 107 cm3/s (1.5 x 10724 cm?/s) for mpy = 10GeV (100 GeV). On the right panel
we show the case of annihilation into 77~ with (ov) = 1.4 x 10725 cm?/s (2.9 x 1072* ¢cm?/s) and
mpym = 10 GeV (100 GeV).

For what concerns the regular magnetic field and plasma density, we cannot proceed
with a data-driven determination since only upper limits can be found in the literature. Thus
we bracket the uncertainty by considering two different scenarios for each quantity, one where
we assume values smaller than in the host galaxy (i.e., our Milky Way) but not too far-away,
taking Bg = 1 uG and ngy = 1073 cm ™3, and one where instead we take a significantly smaller
estimate but still above the cosmological values, i.e., By = 0.1 uG and ny = 10~% cm 3.

With this modeling at hand we can now evaluate Sy, for a given dSph. In particular, we
compute it for the Draco dSph and compare to recent data collected with the upgraded Giant
Metrewave Radio Telescope (WuGMRT) at 550-750 MHz. For more details on the observations,
see appendix B.

Assuming a Gaussian likelihood, we can compare expected diffuse signals and observed
data through [8]:

Ny . . 2
~ 2 ) 1 pIx v (2
Lag =e X/? with x? = NEWHM > (W) , (4.2)
pix =1 rms

where 4 denotes the pixel in the Draco radio image, Sgbs is the observed flux density, o?_, is
the r.m.s. error, Npix is the total number of pixels in the area under investigations, that is
chosen to be a circle of 30’ of radius, and Ng)‘(/v HM i5 the number of pixels within the uGMRT
synthesized beam.

We add to the theoretical term Sy, a spatially flat term Syq¢ that is included in the fit
to account for a possible offset in the zero-level calibration of the map, and then we define
a likelihood Lgig which depends only on the DM parameters by profiling out Sy, from the

likelihood in eq. (4.2).

~10 -
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Figure 7. Bounds at 95% C.L. on the annihilation rate as a function of the DM mass. Our reference
scenario has By = 1 uG and n, = 1073 cm ™3 (which implies v4 ~ 63 km/s). The colored bands show
the impact of the uncertainty associated to the determination of the DM density, assumed to follow
an NFW profile. Blue is for bb, red for 77~ and green for utp~. In the left panel, we show also
alternative scenarios, where By = 0.1 uG and/or n, = 107° cm 3.

Then, combining the Jeans analysis and uGMRT data, we can define, at any given mass
mpu, a global likelihood:

£(<UU>7 Ps 7’s) - »Cdiff(<<7v>;ﬂs;7’s) X ﬁJeans(ﬁs; 7’5) . (43)

To derive the bounds, we assume that Ae(ov) =
—2In[L({ov), plbf, r 1Y L(av)0 S, pgoT 1 981)] follows a x%-distribution with one d.o.f.
and with one-sided probability given by P = [75-dx e X*/2/\/27, where (ov)?/ denotes
the best-fit value for the annihilation rate at that specific WIMP mass. The superscript gbf
indicates the global best-fit (i.e., taking (ov) = (ov)®/)), whilst Ibf denotes the best-fit of
ps and 7, for that given (ov). The 95% C.L. upper limit on (ocv) at mass mpy is obtained
from A\, = 2.71.

Results are shown in figure 7 with black lines for three different annihilation channels,
bb (left), 7+7~ (right, dashed) and p*u~ (right, dotted). The reference scenario assumes
By = 1uG and n, = 1073 cm™ (i.e., v4 = 63 km/s). In the left panel, we show the
effect of varying the magnetic field and advection velocity, by considering By = 0.1 G and
n, = 107°cm ™3 (we focus on the bb channel for the sake of brevity). To understand the

values of vy, we remind that v4 ~ 63km/s/10~3cm=3/n, By/uG.

The left panel shows the main achievement of this work. We devised a self-consistent
method to derive bounds on WIMP DM from radio observations of dSph. While in the
current state-of-the-art one deals with several orders of magnitude of uncertainty for the
derived bounds (see, e.g., figure 5 in [9]), which are due to the unknown description of the
dSph interstellar medium, in this work we show there is an “irreducible” bound, that is only
a factor O(1) uncertain (for masses above 20-30 GeV).

The two ingredients we need to include in the model (and that are not data-driven,
like on the contrary the parameters of the DM profile) are the advection and the regular
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magnetic field. The impact of advection is limited. The value of By, instead, significantly
affects both the synchrotron power and the confinement time, but the effects on the signal go
in the opposite directions, partially canceling each other. Indeed, the larger is By the larger
is Pyn (thus enhancing the signal), but also the larger is D (which depletes the signal), as
we already discussed in the previous section. This implies that the different scenarios differ
only by a factor O(1) in the expected signal and so in the bound.

The only exception to this argument is for scenarios with low By, low mpy and soft
channels of annihilation. Indeed, in this case the peak of the synchrotron power corresponds
to an energy well above the peak of the e™ — e~ spectrum induced by WIMP annihilations.
We show it in the case of bb, where this effect is maximal, being the spectrum of emission
quite soft, whilst for leptonic channels the spectrum is harder and the effect is more limited,
also at low masses.

For a fair comparison of figure 7 with bounds in other analyses of Draco, let us mention
that the determination of the DM profile described in appendix C leads to a J-factor at 0.5°
which is in agreement with recent estimates [33, 34], but a factor of ~ 3 lower than in the
computation of [35], which has been widely used in the literature. To understand the impact
of the uncertainty in the determination of the DM profile, we include the colored bands in
figure 7. They show bounds derived with a procedure that is slightly different from the one
outlined above, namely, the band reports the bounds obtained by taking all the ps and 7,
value within their 95% C.L. region (derived from the Jeans analysis).

5 Conclusions

In this work we investigated the generation of magnetic turbulence due to the injection of
electrons and positrons from DM annihilation. In objects where the star formation rate is
significant, this mechanism is typically subdominant with respect to the magnetic irregu-
larities given by, e.g., supernova explosions. On the other hand, we found that in “dark”
and DM dense systems, it can be the driving mechanism, and it can lead to a non-negligible
self-confinement of the electrons and positrons.

We quantitatively assessed the effect by solving numerically a system of two coupled
differential equations that describe the evolution of the electron number density and of the
turbulence.

As a concrete application, we derived solutions in the case of dSph galaxies, which
are one of the prime targets in DM indirect searches. After determining the equilibrium
density of electrons and positrons, we computed the associated synchrotron radiation. This
emission peaks in the radio regime and the search for faint, diffuse radio sources is expected
to significantly progress in the forthcoming years thanks to SKAO and its precursors.

Our findings suggest that the self-generated turbulence implies a non-negligible lower
limit to the residence time of the electrons in dSphs. The dependence of this effect on the
strength of the coherent magnetic field By partially cancels the dependence of the synchrotron
power on By, implying low uncertainty in the predicted DM-induced synchrotron emission.
This allows to derive robust bounds, something that represents a significant improvement
with respect to the current state-of-the-art where bounds are instead heavily dependent on
the magnetic assumptions (see, e.g., discussion in [9]).

Finally, we used data of the Draco dSph collected at the uGMRT at 550-750 MHz,
and compared them to the expected DM synchrotron emission computed within the self-
confinement framework. We found that the proposed approach can already allow to set
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robust and competitive bounds on WIMP DM, summarized in figure 7. Near future radio
observations with the SKAQO and its precursors have the capability to significantly further
push down the derived constraints.
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A Numerical implementation
In this appendix, we report details on the numerical solution of egs. (2.1) and (2.4).

A.1 Electron/positron density

Equation (2.1) has been finite-differenced by means of the Crank-Nicolson scheme. It has
built on the case without advection, described in the appendix of [8] (see also [36] for a
semi-analytical solution). The full discretized equation is given by:

1y
Nij —Mij 1y t+1
=3 [Lm + LY ] (A1)

where we defined n(t;,r;, E;) = nf and consider a linear grid in space r(r;) = r; and a

o 7j
logarithmic grid in energy E; = log (E;). The operators in eq. (A.1) are given by (where

each line corresponds to each of the five different terms on the r.h.s. of eq. (2.1)):

Lgd - Tg(ir)Q [(7}'+§)2Di+;,j (“§+1,j - nf]) (A.2)
N (Ti—%f Di—%,j (”fg - "ﬁlg)} (A.3)

—v4 [an] + ﬁ (nf] - nf_l,j)} (A.4)

_ E]-IAE [(Cf;:(Ej—H)) g — (ii(%)) nf]} (A.5)

+ (q(CR));- : (A.6)

having defined Tipl = (ri +rix1)/2.
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As mentioned, we choose a linear grid in r. This is because it gives a faster convergence
than a log grid. We checked the results are however independent from this choice. We set
L = 5rs (where 7y is the scale radius of the DM profile) and define

L o1
Ar—m, Ti—(2+2>Ar

We impose the following boundary conditions:

ie€{0,1,...,n, —1}

On(r=0,Et)=0 o n'y;=ng; (A7)
(’I” =L F t) =0 — n;r—ld = (A 8)
n(r,E = Epin,t) =0 o nio = (A.9)

n (r, E = FEnax,t) = continuous — dn! np—1 dninE_Q (A.10)
Note that we include a fictitious value in r below grid, r_; = —A, /2. In this way the

boundary condition is exactly at » = 0. This is one of the motivations for choosing a linear
grid since with a log grid one can only impose the boundary condition at a small r # 0.

A.2 Magnetic turbulence

Equation (2.4) is solved using the explicit scheme.

First we define Q") = I'cg(n) W/v4. Then, since all terms on the r.h.s. of eq. (2.4) are
proportional to v4, the stationary solution is independent of v, and by redefining 7 = vakt,
we can write eq. (2.4) as

ow 10
=

owl 119 Lomw)
- o [k VW ] (r*w) + Q™. (A.11)

kr2or
The replacement 7 = v4kt and its dependence on k might be unexpected at first glance. We
note that this replacement does not allow to easily reconstruct the solutions for finite times
t. But in the steady state solution (¢ — oo and 7 — o0), where the Lh.s. of the equation
disappears, the solution for W is identical. We verified this explicitly for a few examples.
The replacement allows faster convergence at small k.

The full discretized equation is given by (where each line corresponds to each term in

eq. (A.11)):
witt =w!. (A.12)

_ (kj_;)gd (Wit,j +2m{j1> (Wt — Wi 1)] (A.13)

AT [2__, 1 . .
% [TiWi,j *An (Wi,j - Wi J)] (A.14)
AT ¢
— (™). . Al
+ k; (Q )z’,j (A.15)

where we have W (r,7i,1;) = W, and used a linear grid in space 7(r;) = 7; (the same as

for the density equation (A.1)) and a log grid in the wave number k(l;) = k; = exp(l;). We
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note that the wave number is related to energy since E/GeV = 9.2 x 10° (By/uG)(pct/k).
However, we solve eq. (2.4) extending the gird in energy to avoid impacts from the boundary
conditions (see below) imposed on W.

We defined k:ji% = exp[(l; + lj+1)/2].

Finally, we impose the following boundary conditions:

O W (1, k = kmin, t) =0 — Wio =W (A.16)
w (T =L, k7t) =0 — W’rtlr—l,j =0 (Al?)

w (7", k= kmax>t) =0 — Wink =0 (A18)
8TW (T =0, kvt) =0 — Wit’_l = W/ZO (A].g)

We apply the Neumann boundary condition eq. (A.16) because the asymptotic solution
for kmin — 0 in the diffusion-only scenario is a constant value W. However, this asymptotic
behavior is broken by the advection term as can be seen for example in figure 2. The
solution goes quickly to zero as k becomes smaller than the resonant value corresponding to
E = mpwy. Since we set ki, much smaller than this value the boundary condition becomes
irrelevant. Also for the boundary condition at kpax in eq. (A.18) we could have imposed the
asymptotic behavior of the diffusion-only equation. On the other hand, we explicitly checked
that this boundary condition affects the solution only down to kmax/O(1), and we chose kpax
corresponding to an energy much smaller than the ones used to derive the DM bounds. Thus,
also the boundary condition at ky.x becomes irrelevant and do not impact our results.

For the results shown in this paper, we set Enin = 0.1 GeV, Enax = MDM, Kmin =
100 pct and kpax = 103 pet.

B Radio observations and data reduction

Observations of the Draco dSph galaxy were carried out with the uGMRT at band 4. De-
tails are reported in table 2. Observations were preceded by a 20 minute observation of the
bandpass calibrator 3C 286, assumed to be 21.4 Jy at 550 MHz, with a spectral index a =
—0.85 [37]. Data reduction was carried out with the Source Peeling and Atmospheric Model-
ing [SPAM, 38] pipeline. Given the wide (200 MHz) band, observations were split in four sub-
bands of 50 MHz each and calibrated separately. The pipeline carries out the excision of radio
frequency interference, followed by initial calibration and imaging of each sub-band individu-
ally. Images were further deconvolved individually in order to obtain a sky model for selfcal-
ibration. Calibration solutions were specifically determined for bright, offending sources that
were, therefore, accurately subtracted. The calibrated sub-bands were eventually jointly im-
aged with WSClean v3.1 [39], using a robust = 0 weighting scheme, yielding to a 8" x 3" syn-
thesized beam. The deconvolved image is shown in figure 8, with a 10 xJy beam™! rms noise.

The high resolution image was used to model all the compact sources brighter than
50 uJy beam™' which were subtracted from the visibilities. Residual visibilities were then
imaged at lower resolution 32” x 15” and few more sources were identified and subtracted
to obtain a final 32 uJy beam™! rms noise for the image that has been used to derive the
bounds shown in the main text.

C Jeans analysis of the Draco dSph galaxy

As mentioned on section 3, in order to constrain the spatial distribution of the DM density,
we performed a Jeans analysis using Draco’s stellar kinematics. We used the line-of-sight
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Figure 8. Image of the field centred on the Draco dSph galaxy with the uGMRT at 650 MHz. The

angular resolution is 8” x 3" and the rms noise is 10 uJy beam~!.

Target RA 32000 DECj2000 Frequency range Channel width Integration time
(MHz) (kHz) (hours)
Draco 17"20m12.401 +57°20'55" 550 — 750 97.656 3.1

Table 2. Observation details.

(LOS) velocities sample from ref. [40]. In addition to LOS velocities, this dataset contains
information on effective temperatures, metallicities and surface gravities of stars, which has
been used to select the final sample of LOS velocities, following the same procedure as in
ref. [41]. The LOS projected spherical radial velocity is [42, 43]

2 [ R? d
atos(R) = E(R)./R (1 - 573) V03ﬁ> (C.1)
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Figure 9. Posterior distributions of the DM parameters log,,(ps /(Mg /kep?)) and log, (s /kpc) from
equation (C.4). Left panel shows the results of the MCMC for the NFW profile. Right panel shows
the results in the Burkert case.

where X(R) is the projected luminous surface density, 8 is the orbital velocity anisotropy,
v(r) is the stellar density and o,(r) is the radial velocity distribution which can be obtained
solving the spherical Jeans equation

1
v(r)

;(V(T)Uf) N 28(r)o? _ GM(< 7“)’ (C.2)

r r2

where M (< r) the mass content up to a radius r.

Besides the kinematic data of the stars, a photometric sample is needed in order to
estimate the stellar density distribution in Draco. It is taken from ref. [44]. Then we model
the stellar surface brightness density as a sum of three (projected) Plummer spheres [43]

7”‘2 —5/2 3 ' R2 —2
(1 + a2) , S(R) =) —% (1 + 2) , (C.3)
7 a

J

3
3M;
1/(7') - Z 47ra]3-
j=1 J

with M; and a; being parameters that we include in the likelihood and estimate from the data.
The contribution to the enclosed mass in eq. (C.2) is computed through the integration of the
stellar density, whilst the DM part is modeled either through a NFW [45] or a Burkert [46]
profile,

P PBurkert (T) == Ps . (04)

(2)(+2)" (+2) (1+(2))

In addition to the kinematic and photometric data, we also make use of higher velocity
moments called Virial Shape Parameters (VSPs) which in principle can help alleviate the

pNFW(T) =
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Figure 10. Similar to figure 7 but comparing the bounds derived with the NFW and Burkert profiles.

mass-anisotropy degeneracy [47], and are given by:

Vg1 = g/ooo GMuv(r) (5 —28(r)) o2rdr = /OOO Y(R) <vfos> RdR, (C.5a)
Vs2 = % /0 GMuv(r) (7T —68(r)) o2r3dr = /0 X(r) <vﬁos> R3dR, (C.5b)

being the r.h.s. of the equation obtained trough the kinematic data and the L.h.s. the predic-
tion of the model. With all these ingredients we perform an MCMC analysis using the python
package EMCEE [48] implemented through the non-parametric code GRAVSPHERE [47] and
the PYTHON wrapper PYGRAVSPHERE [49]. For more details on the method, see ref. [50].
Our results for the posterior distributions of the DM parameters log;o(ps/[Ms/kpc?]) and
logo(rs/[kpc]) are shown in figure 9.

In figure 10, we show a comparison between the bounds derived in figure 7, adopting an
NFW profile, with the ones obtained for a Burkert profile. The difference between the two
cases is limited. This can be understood from: a) the J-factor over 30" of the two models is
very similar; b) the size of the Burkert core is significantly smaller than the diffusive region
(and thus it has a limited impact in reducing the turbulence generation); c¢) the spatial
diffusion is partially washing out the central cusp of the NF'W profile.

D Estimate of the diffusion coefficient with analytical approximations

In this appendix we aim at deriving a simple (and clearly approximated) expression for the
diffusion coefficient induced by the self-generation mechanism described in this work.
By neglecting advection and taking the stationary limit of eq. (2.4), one obtains

9 [Dkk(W)

ok 8W] = —Tcr(n)W . (D.1)

ok
Before computing the solution, notice that the lLh.s. is a damping term I'y W with I'y ~

Dy /K%, For typical values of the parameters of the models described in the main text, the
associated timescale at 1 GeV is 1/T'y ~ 10° yr.
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To proceed towards the solution of eq. D.1, let us now consider spectral and spatial
features of the equilibrium distribution of the et — e~ to be separable and assume a power-
law for the energy spectrum, namely:

o ) B E —3+6
ne =10"2GeV - em 3 Ny (GeV) f(r/ry) (D.2)
where Ny is Jjust a normalization constant, ¢ gives the spectral index of the energy distribution
of n. and f describes its spatial profile, that we will write in terms of a typical scale 7,
(yvhich could be, e.g., the half-light radius or the NFW scale radius), where it is normalized
f(r =r,) = 1. Putting together egs. (D.1) and (D.2), taking the term p* f at the resonance,
and after some simple numerical evaluations, one gets

) -
~ 2 Tawy ) - s [0 pe)! (%)“”
(%Pﬁmv) ak}—3.3x10 NO[ ] =

of

dr /(100 pc) (D-3)

By describing the turbulence with W = Wy k?, and plugging it into eq. (D.3), it follows
B=—-1-04/(v+ 1) and the solution reads:

W = Wy k—179/0+D (D.4)
3.3 x 1078 No Bo\ 3| of 1/(+)
(1=0)[1+d/(y+1)] (10-6pc)° <MG> ) '

or /(100 pc)
Notice that, as already discussed in the main text, the turbulence scales inversely with
the strength of the coherent magnetic field, and directly with the spatial derivative of the
distribution function. Finally, from eq. (2.3), namely D =~ crp/[3 kres W (kres)], we arrive at
the expression of the diffusion coefficient:

with Wg = (

) ~ 1
_ 22 9 3.3 x 1078 Ny of "
D = 3.3 x 10““cm~/s <(1_5) [146/(yv+1)] |9r/(100pc)
E By \ ! k T
X (GV) (w) <<106p>1> ' o

Taking now a typical example, i.e., 6 = 0, and v = 1/2 (Kolmogorov), the estimate of the

diffusion Coeﬁﬁcien( becomes
— . .6

From the above expression, it looks clear that for magnetic fields at uG level and GeV
particles, the effect of self-confinement can be relevant if the e™ — e~ energy density is
> 10712 GeV/cm?® = 1073 eV /em? and with a significant spatial variation of the distribution.

In the above estimate, we neglected advection. This is justified only for D > 10%"cm? /s
(see main text), otherwise the full equation has to be solved. In order to have an estimate of
gor needed to have a significant turbulence production and so of the DM annihilation rate
needed, one can solve eq. (2.2) by again taking the stationary limit and neglecting advection
and energy losses (since in the physical cases considered here the associated time-scales are
longer than the diffusion time-scale), i.e., solving D dn./dr = — [ dr' r'* qcr (') /r%. Tt can
be easily verified that this approach leads to similar results as the ones presented in the main
text with a more sophisticated numerical treatment.

of
Or/(100 pc)

D =3 x10*"cm?/s (NO
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