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Primordial magnetic fields (PMFs) can seed additional small-scale matter fluctuations, leading to
the formation of dense, early-collapsing dark matter structures known as minihalos. These minihalos
may dramatically amplify the dark matter annihilation signal if dark matter is composed of self-
annihilating thermal relic particles such as WIMPs. In this work, we analyse the annihilation signal
from minihalos with prompt central cusps, p o< r~%/2, formed due to the enhanced power spectrum
induced by PMF's, using gamma-ray observations of the Virgo cluster. We consider benchmarks
motivated by cosmological phase transitions, focusing in particular on the electroweak and QCD
transitions, where we assume maximal magnetic energy density and horizon-sized coherence length
at generation (upper-limit scenarios). In addition, we include a data-driven case corresponding to
the best-fit present-day PMF amplitude inferred from DESI BAO and Planck CMB measurements.
Under these assumptions, we find that PMFs can place stringent bounds on WIMP annihilation.
Magnetic fields with amplitudes matching the DESI-Planck best-fit values are in strong tension
with self-annihilating WIMPs across a wide mass range extending beyond the TeV scale, while
the electroweak- and QCD-phase-transition toy-model benchmarks would exclude thermal relics
with masses below 300 GeV and 3 TeV, respectively. Although weaker PMFs would yield weaker
annihilation signals, our results demonstrate that whenever PMFs enhance small-scale structure,
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indirect-detection limits on dark matter must be revisited.

I. INTRODUCTION

Magnetic fields are observed on a wide range of as-
trophysical scales, from galaxies to galaxy clusters and
the intergalactic medium [1-9]. Their origin, however,
remains an open problem. One compelling possibility is
that they were seeded by processes in the early universe,
such as inflationary dynamics [10-15] or cosmological
phase transitions [16-22]. If primordial magnetic fields
(PMFs) exist, they may leave observable signatures on
cosmological and astrophysical observables, including the
cosmic microwave background [23-29], structure forma-
tion [30-52], and gravitational wave backgrounds [53-55].
Recently, PMFs have also been invoked to alleviate the
Hubble tension between values of Hy obtained through
supernova observations and through observations of the
CMB [56-59].

A consequence of PMF's is their ability to enhance the
growth of small-scale matter perturbations [60]. Prior to
recombination, the Lorentz force from a stochastic mag-
netic field induces compressible modes in the baryon fluid
on scales smaller than the photon mean free path. While
these baryonic perturbations can subsequently be erased
by baryon thermal pressure, they leave a persistent grav-
itational imprint on the dark matter component. As a
result, the dark matter power spectrum is amplified on
small scales, potentially giving rise to a population of
early-forming, compact minihalos [60].

In parallel, thermal relic dark matter candidates, such
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FIG. 1: Upper limits on the dark matter annihilation
cross-section to a bb final state in the Virgo cluster,
considering a primordial magnetic field with present
strength By = 3.4 pG, corresponding to the best fit

value from the combination of Planck CMB data and
the baryon acoustic oscillation (BAO) measurements

from the DESI Year 1 release [58]. Our limits rule out
the thermal annihilation cross-section (black dashed)
for dark matter masses extending beyond the TeV scale.
The curve labelled “ACDM” corresponds to ACDM
cosmology with self-anihilating dark matter but without
any enhancement from primordial magnetic fields, while
the BACDM curve include the additional prompt cusps
seeded by PMFs. For the assumptions on the evolution
of the magnetic field strength and coherence length, see
Sec. II.
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as weakly interacting massive particles (WIMPs), remain
a key target of experimental efforts [61]. These parti-
cles are expected to self-annihilate, producing observ-
able Standard Model final states, including gamma rays.
However, in the standard cold dark matter (CDM) sce-
nario, the annihilation signal from small-scale halos is
typically suppressed by the late formation time and rel-
atively shallow central profiles of low-mass halos.

This suppression can be overcome in scenarios with
PMFs. The early formation of dark matter minihalos
from sharp peaks in the enhanced power spectrum leads
to the formation of prompt cusps [62]: dense, centrally-
concentrated structures with p oc #=3/2. These objects
are theoretically motivated as the first gravitationally
bound dark-matter structures to form in the Universe,
since the dark-matter free-streaming length suppresses
the growth of smaller perturbations and prevents hier-
archical merging at earlier times. Prompt cusps there-
fore provide a natural minimal building block in standard
ACDM. In the presence of primordial magnetic fields this
assumption is particularly well-motivated, since the en-
hanced small-scale power produced by PMF's determines
the first scales to become non-linear and collapse, natu-
rally seeding such cusps. If, in addition, the dark matter
is self-annihilating, they significantly enhance the annihi-
lation rate and the expected gamma-ray signal, especially
in environments such as galaxy clusters [63, 64].

In this work, we investigate the indirect detection
prospects of self-annihilating dark matter in the pres-
ence of PMF's. Specifically, we analyze how PMF-induced
prompt cusps modify the annihilation signal from the
Virgo cluster, and use this to place constraints on the
dark matter annihilation cross section. We consider three
benchmark scenarios for the magnetic field strength: (i) a
field generated at the QCD phase transition, (ii) a weaker
field generated at the electroweak phase transition, and
(iii) the best-fit field amplitude obtained from a joint
analysis of Planck and DESI data [58] (see Fig. 1).

Generically, we find that the magnetic fields in the
early universe places stringent constraints on the WIMP
annihilation cross section. In particular, PMFs gener-
ated both around the QCD phase transition and also
with cosmologically-motivated values exclude thermal
WIMPs over a wide mass range extending beyond the
TeV scale, potentially challenging their viability as dark
matter candidates. For magnetic fields generated at
the electroweak phase transition, we exclude thermal-
relic WIMPs with masses m, < 300GeV, with con-
straints only marginally stronger than those obtained in
ACDM with self-annihilating dark matter but no primor-
dial magnetic fields [63]. More generally, magnetic fields
produced at phase transition temperatures 7' < 100 GeV
can exclude WIMPs with masses below 400 GeV, further
tightening the bounds on the low-mass window. This
work demonstrates that gamma-ray searches can be used
to probe not only the properties of dark matter, but also
the magnetic history of the early universe.

II. PRIMORDIAL MAGNETIC FIELDS AND
MINIHALO FORMATION

Primordial magnetic fields can imprint significant fea-
tures on the small-scale matter power spectrum [60]. A
stochastic primordial magnetic field exerts a compres-
sive Lorentz force on the baryon fluid. While baryons
remain tightly coupled to the photon bath, relativistic
photon pressure suppresses any growth on scales larger
than the photon mean free path. However, below this
scale, the coupling weakens, allowing the Lorentz force
to drive baryonic inhomogeneities.

These baryonic overdensities may ultimately be
erased by baryon thermal pressure. However, during the
time in which the baryon fluctuations grow, they source
gravitational potentials that also affect the dark matter
component. Since dark matter is collisionless and does
not couple directly to photons or magnetic fields, it re-
mains unaffected by baryon thermal pressure and retains
the memory of these early gravitational perturbations.
As a result, the dark matter power spectrum is enhanced
on small scales, even below the baryon Jeans length. The
growth of the dark matter component continues uninter-
rupted after recombination, leading to the formation of
compact, high-density dark matter structures at early
times, commonly referred to as minihalos.

In this study we remain agnostic about the precise
magnetogenesis mechanism. Our analysis applies equally
to fields generated at specific phase transitions (such as
the QCD or electroweak transitions) or to more generic
stochastic fields characterised by a present-day strength
By and coherence length &;. We assume that the field
is initially non-helical, evolves after generation according
to standard magnetohydrodynamic processes, and has a
Batchelor spectrum on large scales, Pg(k) o< k2.

To model the field evolution we assume reconnec-
tion—driven turbulence when the plasma kinetic Reynolds
number is large (Re > 1), and viscous damping once
Re < 1. While Re > 1, the field undergoes an inverse
cascade conserving the Hosking invariant [65, 66],

B*¢° = const . (1)
In this turbulent regime the coherence scale grows with
time and is roughly given by [66],
0.1Va
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where H(a) is the Hubble parameter at redshift a and
V4 is the Alfven speed defined as
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INote that the prefactor in eq. (2) can depart from 0.1 depending
on the magnetic Prandtl number and the Lundquist number [66].
In regimes of our interest, i.e. where PMFs influence dark matter
perturbations, we find that the prefactor is ~ 0.1 [60].



Here pplasma is the energy density of particles that are
tightly coupled to the baryon plasma. For instance,
on scales smaller than the photon or neutrino diffusion
lengths, pplasma does not include photons/neutrinos.

The turbulence in the PMF-driven plasma is sup-
pressed if the neutrino or photon diffusion scale (¢p) ex-
ceeds the PMF coherence scale while remaining smaller
than the horizon size, i.e £ < fp < (aH)™!. In this
regime, interactions between baryons and neutrinos or
photons act as an effective viscosity, with the Reynolds
number governed by Re ~ Va{/lmep, where £r,q, denotes
the relevant mean free path (photon/neutrino). Using
eq. (2), one can show that Re < 1 is equivalent to pho-
ton/neutrino diffusion length scale exceeding PMF coher-
ence scale. Once this occurs, the coherence scale follows
the approximate relation [60, 67]

o) ~ —— Y
a/(lut, + H(a) H(a)

Furthermore, in this viscous regime, we assume that the
Hosking integral is no longer conserved and that small-
scale PMFs decay without any inverse-cascade. For the
Batchelor-spectrum case considered here, this leads to
the scaling relation [67]

B?¢° = const . (5)

We note that this assumption differs from more recent
treatments, which propose that the Hosking invariant
remains conserved even in viscous regimes [66]. How-
ever, no dedicated simulations have yet confirmed that
conservation, while analytical studies support the valid-
ity of eq. (5) in this regime [60, 68]. The viscous—drag
phase ends once the corresponding mean free path (neu-
trino or photon) exceeds the horizon size, marking the
onset of free-streaming. It is worth noting that the indi-
rect—detection constraints from dark—matter annihilation
are not directly sensitive to the full early—Universe evolu-
tion of primordial magnetic fields. They become relevant
only once PMFs begin to affect the dark-matter density
perturbations—that is, after the baryon plasma becomes
compressible, when photons decouple from the magne-
tized baryon fluid. Consequently, the results presented
here are primarily sensitive to the PMF evolution after
the start of the photon—drag (viscous) regime.

We define a; as the epoch, when Re falls below unity
due to photon viscosity,

kr(ar) =& (ar) = € p(ar). (6)

For a < aj, we evolve PMFs with approximate power-
laws mentioned above. For a > aj, we explicitly solve the
evolution of PMF's along with their impact on baryon and
dark matter perturbation equations following the pre-
scription in [60]. The comoving magnetic field strength
is then updated consistently with this damping evolu-
tion, ensuring a smooth transition between the turbu-
lent and viscous regimes. At late times (a > ayec), the

field is effectively frozen into the plasma, so the comoving
field strength and coherence length remain constant [67].
In what follows, we adopt this evolution prescription for
B(a) and £(a) consistently across all benchmark scenar-
ios analysed in this work, and illustrate it in Sec. V.

The abundance and internal structure of minihalos
depend sensitively on the amplitude and shape of the
enhanced power spectrum induced by the PMFs. In
particular, PMFs with a Batchelor spectrum on large
scales, Pp(k) o< k2, can lead to enhancements at sub-
solar mass scales, potentially producing minihalos as light
as 107 M. The Bachelor spectrum is expected from
PMFs generated in phase transition. Moreover, recent
studies suggest that the subsequent turbulent evolution
after phase transition enforces the Batchelor spectrum
even if the initial field had a different spectrum [69].

This population of early-forming minihalos provides
a novel probe of primordial magnetism, especially in sce-
narios where dark matter is self-annihilating, which is the
subject of this paper. The initial collapse of these small-
scale overdensities can lead to the formation of dense
central regions known as prompt cusps, which play a key
role in enhancing the indirect detection signal.

In this study, we connect the enhancement in the
power spectrum to the initial PMF parameters using
the analytical framework developed in Ref. [60]. A cen-
tral assumption of this method is that the PMF's follow
a Gaussian distribution. Given the possibility of non-
Gaussianities in a realistic scenario, our findings should
be regarded as order-of-magnitude estimates. In this ap-
proach, the Lorentz force sourced by stochastic PMFs
drives baryon and dark matter perturbations through the
following Boltzmann equations,
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where dpy and 0, denote the fractional density pertur-
bations of dark matter and baryons, respectively. The
parameters Qpn, U, and €2, are the present-day dark
matter, baryon, and total matter density fractions, re-
spectively. We ignore the contribution from dark en-
ergy as the halos we are concerned with form much be-
fore dark energy becomes important. Thus, we approxi-
mate Q(a) = (1 + teq/a) with aeq being the matter-
radiation equality. The source term Sp represents the
Lorentz force exerted by PMFs,

V- [(V x B) x B]

Sp =
47 pro

9)



Integrating the above equations yields the magnetically
induced dark-matter perturbation dpm,g, from which we
compute the magnetic contribution to the power spec-
trum, PE;(k,z) = (|opm.s(k, 2)|?). We then define the
total power spectrum as

P]g(i\/tl(ka Z) = Plj)\laDM(kv Z) + PgM(ka Z),

which is used as input for the halo—formation model de-
scribed in Sec. III. This procedure reproduces the en-
hancement of the transfer function 72 (k) shown in Fig. 2
of Ref. [60], linking the PMF parameters (By,§) to the
abundance of magnetically induced minihalos. For more
technical details, we refer to Ref. [60].

A key physical scale in this context is the free-
streaming length of dark matter, which suppresses struc-
ture formation above a characteristic wavenumber kg.
This suppression arises because dark matter particles de-
couple kinetically from the plasma at a finite temperature
and retain residual velocities that erase small-scale per-
turbations through free-streaming. The free-streaming
wavenumber kg depends on both the dark matter mass
m, and the kinetic decoupling temperature Tiq [70]:

~ 6 -1 My 1/2
ks ~ 1.70 % 10° Mpc (100 GeV) (10)
1/2 -1
% _Tha 1+ In(7ia/30 MeV) . (11)
30 MeV 19.2

To account for this physical suppression in our calcula-
tion, we imposed a smooth cutoff on the matter power
spectrum at kg, modeling it with the function

B 1
=
1+ exp (’g;,f:)

where the parameter J§; controls the smoothness of the
cutoff.

In all our results, we fixed the kinetic decoupling tem-
perature at Txq = 30 GeV. Realistic dark matter mod-
els that evade current direct detection constraints often
feature early kinetic decoupling. For instance, pseudo
Nambu-Goldstone boson dark matter models [71, 72],
which naturally suppress tree-level scattering with nu-
clei, can exhibit kinetic decoupling temperatures com-
parable to or even exceeding the freeze-out tempera-
ture [73]. Moreover, since the annihilation signal depends
only logarithmically on Tyq, our results are only mildly
sensitive to this parameter: for benchmark magnetic
field strengths of order pG, varying Tyq from 30 MeV to
30 GeV changes the cross-section constraints by at most
~ 160% and by as little as ~ 12% across the full dark
matter mass range. This mild dependence reflects the
fact that the properties of prompt cusps are mainly dic-
tated by the scale of the power spectrum enhancement,
rather than by the free-streaming cutoff.

f(k) (12)

III. PROMPT CUSPS PROPERTIES

Prompt cusps are dense, power-law central structures
that form during the monolithic (i.e. not hierarchical)
collapse of isolated peaks in the early dark matter den-
sity field. Unlike the more familiar Navarro-Frenk-White
(NFW) halos, which arise from hierarchical structure for-
mation and exhibit a characteristic core-like inner slope
(p oc 1), prompt cusps develop an inner density pro-
file of p oc r=3/2 [64, 74]. This profile forms quasi-
instantaneously at the moment of collapse and is tightly
determined by the local properties of the linear den-
sity peak, particularly its amplitude and curvature. The
prompt cusp persists at the center of the resulting halo
even as it later accretes additional material and grows an
NFW-like outer envelope [64].

Importantly, while in ACDM cosmologies the small-
est halos form at the free-streaming scale kg, in PMF
cosmologies it is the scale of the spectral bump that
determines the first structures to collapse, as it is the
first to become non-linear. This is because the bump
injects a localised excess of power at scales larger than
the free-streaming length, boosting the density contrast
sufficiently for those perturbations to reach the collapse
threshold earlier than any others. As a result, the earli-
est minihalos form around the bump scale rather than
the free-streaming cutoff. In particular, the gravita-
tional influence of magnetically induced baryon inhomo-
geneities seeds dark matter perturbations on these in-
termediate scales, enhancing the abundance of low-mass
minihalos, and increasing the likelihood that they form
prompt cusps: dense, centrally concentrated structures
with p oc r=3/2 [60].

Each prompt cusp forms with a density profile p =
Ar—3/2 extending between an inner core radius 7¢ore, im-
posed by phase-space constraints, and an outer cusp ra-
dius 7cusp, determined by the peak size. Since the anni-
hilation rate formally diverges at small radii in a density
profile that scales as p o r—3/2, understanding the in-
ner structure of prompt cusps is essential. Analytical
arguments [75], supported approximately by numerical
simulations [76], indicate that the initial thermal motion
of dark matter particles imposes a finite-density core at
the center of the cusp. The radius of this core, r¢ore, 1S
given by

mx

—2/3
rcorezO.34G_2/3< ) Plara) YA, (13)

kd

where p(ayq) is the mean dark matter density at the time
of kinetic decoupling, and A is the normalisation of the
cusp density profile

p=Ar—3/2, (14)

The coefficient A can be statistically predicted from the
linear power spectrum [74]:

A~24 ﬁ(acou) (GCOHR)3/2. (15)



and is set by the collapse time a., and characteristic
comoving size R. The scale factor at collapse acon is
estimated using the ellipsoidal collapse approximation in
Ref. [77], and the characteristic comoving size is given by
R =16/V?5|*/2, where § is the height of the peak in the
density contrast and V2§ is the Laplacian of the density
contrast with respect to the comoving position. This cusp
profile extends out to a radius set by the comoving size
of the collapsing density peak and its collapse time, and
is given by [74]

Tcusp = 0.11 aCOHR. (16)

These structures are the densest dark matter config-
urations expected in a CDM universe and are predicted
to survive hierarchical merging and tidal stripping with
their inner structure largely intact [64]. Since we will be
studying the signal from the halos of clusters of galaxies,
rather than within galactic halos themselves, we do not
expect significant tidal disruption.

To model the properties of prompt cusps seeded by
enhanced small-scale fluctuations, we make use of the
publicly available code developed in [74, 75], which sam-
ples halo populations from a given matter power spec-
trum. The code implements the BBKS peak statistics
formalism [78] and uses the ellipsoidal collapse criterion
to determine whether a peak collapses to form a prompt
cusp. For each collapsing peak, it predicts the asymptotic
density profile.

IV. ANNIHILATION SIGNAL

The steep inner density profiles of prompt cusps sig-
nificantly enhance the dark matter annihilation rate rel-
ative to standard halo models. The high central densities
of these structures result in substantial contributions to
the annihilation signal, even though the cusps themselves
comprise only a small fraction of the total dark matter
mass (around the 5%).

To quantify the contribution of prompt cusps to the
annihilation signal, we follow the formalism introduced
in [64] and developed in [63]. The gamma-ray flux from
dark matter annihilation reads

d*®  (ov) dN,, dJ
dQdE  87m? dE dQ’

(17)

Here (ov) is the thermally averaged annihilation cross
section, and dN, /dE is the gamma-ray spectrum per an-
nihilation. The astrophysical contribution is encoded in
the J-factor, which in our case includes both the smooth
halo and the contribution from surviving prompt cusps

j—é = /dg p(?“) [p(?“) + fsurvftidal(r)peff,o] ) (18)

integrated over the line-of-sight I. Here, p(r) is the
smooth density profile of the host halo (for which we

adopt an NFW profile), and the second term captures
the contribution from embedded prompt cusps. The pa-
rameter firv ~ 0.5 accounts for the fraction of cusps
that survive mergers and tidal disruption after accretion
into larger structures [64], and pem,o is the effective an-
nihilation density of the initial population of cusps. The
quantity pes o is computed by statistically sampling the
cusp population from the enhanced matter power spec-
trum, following the procedure outlined in the previous
section. The survival fraction fy,v, which quantifies the
proportion of prompt cusps that survive mergers and
tidal disruption, is taken to be fsuv =~ 0.5 & 0.1 follow-
ing Refs. [64]. This value is conservative for our CMB-
motivated and QCD-PT benchmarks (see Sec. V), whose
more massive minihalos form with lower number density,
reducing the rate of encounters and mergers. For lighter
halos such as those formed at the electroweak phase tran-
sition, this assumption may need revision, but we adopt
fsurv = 0.5 here for consistency across benchmarks.

The average contribution of the prompt cusps per
mass of dark matter is:

p?dVv
Peff,0 = ‘/‘Cuspj\;) - npeaks<j>//607 (19)
where npeaks is the comoving number density of collapsed
dark matter structures that form from individual peaks
in the linear density field [74], and py ~ 33 Mg kpc™>.
We sampled N = 10* density peaks, and averaged over
the population to obtain (j) defined through

j = / p2dv = 47TA2[]./3 + ln(rcusp/rcorc)}' (20)
cusp

In our analysis, we focus on the Virgo cluster as the
observational target. This choice is motivated by the
results in [63], which show that Virgo provides the most
stringent constraints among the galaxy clusters analysed.
For Virgo, we adopt a NF'W profile with scale radius r; =
335.10kpe, scale density p, = 305646 My kpe™>  [79].
The cluster is located at a distance dr = 15.46 Mpc
and subtends and angle by the virial radius 0399 =
6.32deg [79)].

We neglected the radial suppression factor fiiga(r)
that accounts for tidal stripping of cusps in the inner
regions of the host halo, given that its total annihilation
signal is relatively modest, of order 5%, and does not
significantly affect the derived constraints [63].

By combining our estimate of peg,o from the enhanced
power spectrum with the Virgo cluster profile, we com-
pute the integrated J factors and derive constraints on
the annihilation cross section as a function of the dark
matter mass, by rescaling the results in Ref. [63].

V. RESULTS

Here we discuss our results for the annihilation cross
section constraints derived from the enhanced small-scale
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FIG. 2: Upper limits on the dark matter annihilation
cross-section to a bb final state in the Virgo cluster,
assuming a primordial magnetic field generated at the
QCD phase transition (QCD-PT, red) or at the
electroweak phase transition (EW-PT, green dashed).
The ACDM baseline with self-annihilating dark matter
(blue dotted) and the canonical thermal cross-section
(black dashed) are shown for comparison. The QCD-PT
scenario yields the strongest bounds, ruling out thermal
WIMPs up to multi-TeV masses.

matter power spectrum induced by PMF's, as traced by
the dark matter annihilation signal from the Virgo clus-
ter. We focus on annihilation into the bb channel, since
it yields the strongest constraints [63]. Throughout this
section we assume non-helical primordial magnetic fields
evolving according to the description in Sec. IT — recon-
nection—driven turbulence for Re > 1 and viscous damp-
ing for Re < 1 — which is later illustrated in Fig. 3 for
the case of the electroweak phase transition. This is the
same evolution behaviour applied to all benchmark sce-
narios analysed in this work. Note that helical magnetic
fields, which evolve according to B2¢ = const [80], could
yield larger field strengths and coherence lengths than
the non-helical case considered here, potentially leading
to stronger constraints on dark matter annihilation.

Fig. 1 shows the upper limits on the dark matter anni-
hilation cross-section into bb final states in the Virgo clus-
ter, assuming a primordial magnetic field with present-
day strength By = 0.0034 nG, corresponding to the best-
fit value from the combination of Planck CMB data and
DESI Year 1 BAO measurements [58]. The red curve
BACDM model, which extends ACDM by including both
a primordial magnetic field and self-annihilating dark
matter. The magnetic field coherence length is set by
MHD turbulence, as mentioned above.

Compared to the ACDM scenario with self-
annihilating dark matter (blue dashed line) and kinetic
decoupling temperature Tiq = 30 GeV, adding a primor-
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FIG. 3: Cosmological evolution of the comoving
magnetic field and relevant comoving length scales for a
field generated at an electroweak—scale phase transition

with Tpr = 160 GeV. Top: Beom(a) (solid) with a
turbulent guide B o a~'%/17 (dashed). Bottom:
Coherence length ¢ = 1/k (black) alongside neutrino
diffusion ¢, p (purple), horizon Ry = (aH)~! (blue),
photon diffusion £, p (orange), photon mean free path
Cymip (orange, dashed), and the baryon
thermal-pressure scale {Baryon (red). Vertical lines mark
ay and aye.. PMFs evolve under viscous damping when
¢ is below the relevant diffusion/free—streaming scales.

dial magnetic field enhances the small-scale structure and
leads to significantly stronger gamma-ray constraints. In
this scenario, annihilation cross-sections are excluded up
to six orders of magnitude below the thermal relic cross
section (black dashed line), across the full dark matter
mass range from below 10 GeV to above 4 TeV. The im-
provement in the fit to Planck and DESI data between
BACDM and ACDM corresponds to Ax? = —4.7 (ap-
proximately a 20 preference), and the resulting impact
on indirect detection constraints is significant.

Fig. 2 illustrates two benchmark scenarios for pri-
mordial magnetic fields generated at the QCD and elec-
troweak phase transitions. For the electroweak-scale
magnetogenesis case, we assume magnetic fields are pro-
duced at Tpr = 160 GeV with maximal energy density,
i.e., pgp = psm, and coherence length £ equal to the hori-
zon size at that time, ¢ = (aH)™!. This choice repre-
sents an optimistic upper bound, as more realistic mag-
netogenesis scenarios are expected to yield smaller field
strengths.

Fig. 3 shows the evolution of the magnetic field
strength and coherence length after electroweak mag-



netogenesis, obtained with the prescription described in
Sec. II. This example illustrates the evolution law that we
apply consistently to all benchmark scenarios explored
in this work. The two distinct regimes are visible in
different stages of the evolution. The first regime cor-
responds to when the plasma kinetic Reynolds number
(Re) is above unity, the coherence scale ¢ lies below both
the photon and neutrino mean—free paths, and the field
evolves turbulently. In this phase the inverse cascade con-
serves the Hosking integral (B*¢® = const [66]), leading
to the characteristic power-law evolution Beom o< a~10/17
and & x a*?, consistent with the scaling expected for
magnetically dominated turbulence [67]. The coherence
scale is well approximated by & ~ %' The turbulent
evolution ceases once £ overtakes the neutrino mean—free
path, £, mfp, since neutrinos begin to diffuse efficiently
and induce viscous drag on the plasma. The evolution
resumes once the neutrino mean—free path grows beyond
the horizon size, at which point neutrinos become fully
free—streaming, decouple from the plasma, and can no
longer damp the turbulence.

As the universe expands further, the coherence scale
eventually exceeds the photon diffusion length, ¢yp. At
this point, photon viscosity becomes the dominant source
of drag on the plasma, and the magnetic turbulence tran-
sitions into a photon—dominated viscous regime. In this
phase, the eddy motions on scales below £, p are damped,
and the cascade slows down substantially, leading to a
much weaker decay of the comoving field strength.

Here we note that the Boltzmann equations used to
quantify the impact of PMFs on dark—matter perturba-
tions are valid only once £ exceeds the photon mean—free
path, £ mg,. There is therefore a short transition interval
between the end of the turbulent phase (§ ~ ¢yp) and
the onset of the well-defined viscous regime (£ ~ lymep).
Although the microphysics in this regime is somewhat
uncertain, this ambiguity has negligible impact on the
final dark—matter perturbations, since the PMF-induced
source terms are known to evolve toward an attractor
solution [51].

Under these assumptions, magnetic field generation
at the electroweak phase transition leads to a present-day
comoving magnetic field strength of By ~ 3.06x 107> nG.
As seen in Fig. 2, this field induces a modest enhancement
of the J-factor. Consequently, the electroweak magne-
togenesis scenario (green curve) excludes the canonical
thermal relic cross section only for dark matter masses
up to m, < 300GeV, resulting in constraints that are
only marginally stronger than those obtained in ACDM
with self-annihilating dark matter but without primor-
dial magnetic fields (blue dashed). Future indirect de-
tection constraints on the WIMP annihilation signal for
higher mass WIMPs are expected from the Cerenkov
Telescope Array [81].

For the QCD-scale magnetogenesis scenario, we as-
sume that magnetic fields are generated at Tpr =
150 MeV with maximal energy density, pp = psm, and a
coherence length equal to the horizon size at that time,

¢ = (aH)~!. Under the BACDM hypothesis (red curve),
this enhancement of small-scale power increases the J-
factor by roughly five orders of magnitude relative to
ACDM with self-annihilating dark matter, thereby ex-
cluding the canonical thermal-relic cross section for dark
matter masses from below 10 GeV up to beyond 4 TeV.
These two benchmark scenarios demonstrate that
even sub-nanogauss magnetic fields, naturally arising
from cosmological phase transitions, can significantly en-
hance the small-scale matter power spectrum. This en-
hancement, in turn, leads to the early formation of dense
minihalos with prompt cusps, and can result in a sub-
stantial boost to the dark matter annihilation rate.
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FIG. 4: Lower bound on the temperature of the phase
transition Tpt as a function of the dark matter mass
mpp, assuming that the magnetic energy density at gen-
eration equals that of the Standard Model plasma. The
evolution of the magnetic field strength and coherence
length is given in Sec. II. For a given dark matter mass,
values of TpT below the curve are excluded under the as-
sumption of thermal-relic annihilation.

To generalise beyond these benchmarks, Fig. 4 shows
the lower bound on the temperature of the phase transi-
tion, Tpr, as a function of the dark matter mass, mpy.
As in the benchmark scenarios discussed above, this anal-
ysis assumes that the primordial magnetic field is gen-
erated at a phase transition with energy density equal
to that of the Standard Model plasma and a coherence
length of the order of the horizon size. The resulting
magnetic field strength is constrained by indirect detec-
tion limits, under the assumption of a thermal-relic an-
nihilation cross section. For phase transitions occurring
at Tpr < 100 GeV, dark matter masses below 400 GeV
are excluded in this setup. This bound delineates the vi-
able region for magnetogenesis from phase transitions in
scenarios where dark matter is a thermal WIMP.

The corresponding impact of the magnetic field pa-
rameters on the annihilation flux is illustrated in Fig. 5.
The J-factor shows a clear positive correlation with both
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FIG. 5: Scaling of the predicted annihilation J—factor
with (a) the present-day PMF strength By and (b) the
present-day coherence length &;. The results correspond

to the Virgo cluster, assuming a dark-matter mass of
mppm = 100 GeV and a kinetic-decoupling temperature

of de = 30 GeV.

the present-day magnetic field amplitude, By, and the
comoving coherence length, &. In each case, J rises
steadily with increasing field strength or coherence, ap-
proximately linearly at small values and flattening to-
wards higher ones. This trend highlights that stronger
or more extended primordial fields lead to an overall en-
hancement of the expected annihilation signal, consistent
across the parameter space explored. These plots permit
to directly visualise the scaling of the annihilation flux
with the magnetic field parameters, independently of any
specific magnetogenesis scenario or phase transition as-
sumption.

VI. CONCLUSIONS

In this study, we have investigated how primordial
magnetic fields (PMFs) enhance the small-scale matter
power spectrum, leading to the early formation of dense
dark matter minihalos with prompt central cusps. These
cusps, characterised by steep inner density profiles scal-
ing as p oc 773/, result in a significant enhancement of
the dark matter annihilation rate due to their extreme
central densities.

By modeling the abundance and structure of the
prompt cusps using peak statistics and ellipsoidal col-
lapse, and comparing the predicted annihilation signal
to gamma-ray observations from the Virgo cluster, we
have derived constraints on the annihilation cross sec-
tion of self-annihilating dark matter. Our analysis spans
three benchmark cases for the comoving magnetic field
strength: those associated with magnetogenesis during
the QCD and electroweak phase transitions, and the best-
fit value inferred from DESI and Planck data.

We find that the presence of primordial magnetic
fields is in strong tension with the thermal WIMP hy-
pothesis. In particular, magnetic fields generated at the
QCD phase transition induce such an efficient production
of prompt cusps that the resulting annihilation signal
exceeds current observational limits over a broad mass
range, from below 10GeV to above 4TeV. Similarly,
magnetic fields with amplitudes matching the best-fit
values from DESI and Planck are sufficient to exclude
thermal WIMPs across the entire mass range considered.
This suggests that the magnetic fields favored by cur-
rent CMB observations are incompatible with scenarios
in which dark matter is a self-annihilating thermal relic.
Even in the more conservative case of PMFs generated
during the electroweak phase transition, thermal WIMPs
with masses below approximately 300 GeV are ruled out
leaving only the high-mass regime within reach of future
indirect detection experiments such as Cerenkov Tele-
scope Array [81].

In addition, we have presented a complementary con-
straint based on the energy scale of the phase transi-
tion responsible for PMF generation. Assuming that the
magnetic field is produced at a transition with an en-
ergy density equal to that of the Standard Model plasma
and the coherence length at production is of the order
of the horizon size, we compute the resulting magnetic
field strength and determine the corresponding gamma-
ray signal under the assumption of a thermal annihila-
tion cross section. As shown in Fig. 4, for each value
of the dark matter mass, temperatures below the ex-
clusion curve are ruled out, since they would produce
fields strong enough to generate prompt cusps that over-
produce the annihilation signal. This result outlines the
viable parameter space for phase transitions that could
be responsible for primordial magnetogenesis in scenarios
involving thermally produced dark matter.

Our findings highlight the power of indirect detection
not only to constrain the microscopic properties of dark



matter but also to probe the early-universe processes that
could have seeded cosmic magnetic fields. If intergalac-
tic magnetic fields are indeed primordial in origin, they
offer a natural amplification mechanism for dark matter
annihilation signatures, thereby leading to a new obser-
vational link between particle physics and cosmological
magnetogenesis.

VII. CONCLUSIONS

In this study, we have investigated how primordial
magnetic fields (PMFs) enhance the small-scale matter
power spectrum, leading to the early formation of dense
dark matter minihalos with prompt central cusps. These
cusps, characterised by steep inner density profiles scal-
ing as p oc 7~3/2, result in a significant enhancement of
the dark matter annihilation rate due to their extreme
central densities.

By modeling the abundance and structure of the
prompt cusps using peak statistics and ellipsoidal col-
lapse, and comparing the predicted annihilation signal
to gamma-ray observations from the Virgo cluster, we
have derived constraints on the annihilation cross section
of self-annihilating dark matter. Our analysis consid-
ers three representative PMF scenarios: two benchmarks
linked to cosmological phase transitions—specifically,
the electroweak and QCD transitions—where we as-
sume maximal magnetic energy density and horizon-
sized coherence length at generation (upper-limit cases),
and a data-driven scenario corresponding to the best-fit
present-day PMF amplitude inferred from DESI BAO
and Planck CMB measurements.

The phase-transition benchmarks illustrate the
largest plausible impact of primordial magnetogenesis,
while the CMB-DESI case represents a realistic, obser-
vationally motivated level of intergalactic magnetisation.
Across all cases, we find that the presence of PMFs
substantially strengthens the indirect-detection limits on
thermal WIMPs relative to standard ACDM.

Magnetic fields with amplitudes matching the
DESI-Planck best-fit values are already in strong ten-
sion with self-annihilating WIMPs across a wide mass
range extending beyond the TeV scale. In the phase-
transition benchmarks, magnetic fields generated at the
electroweak and QCD epochs would exclude thermal

relics with masses below approximately 300 GeV and
3TeV, respectively. These phase-transition benchmarks
serve as upper bounds on the possible impact of early
magnetogenesis. More realistic phase-transition scenar-
ios—where only a fraction of the plasma energy is trans-
ferred into magnetic fields or where the coherence length
is sub-horizon—would naturally yield weaker quantita-
tive limits.

Nevertheless, the qualitative conclusion remains ro-
bust: whenever primordial magnetic fields enhance
the formation of early dark-matter structures, indirect-
detection limits must be revisited, as standard ACDM
assumptions no longer capture the correct small-scale dy-
namics.

In addition, we have presented a complementary con-
straint based on the energy scale of the phase transi-
tion responsible for PMF generation. Assuming that the
magnetic field is produced at a transition with an en-
ergy density equal to that of the Standard Model plasma
and with a coherence length of the order of the horizon
size, we compute the resulting magnetic field strength
and determine the corresponding gamma-ray signal un-
der the assumption of a thermal annihilation cross sec-
tion. As shown in Fig. 4, for each value of the dark
matter mass, temperatures below the exclusion curve are
ruled out, since they would produce fields strong enough
to generate prompt cusps that overproduce the anni-
hilation signal. Relaxing the maximal-energy assump-
tion would shift these curves toward smaller dark-matter
masses, weakening the bounds quantitatively but leaving
the overall trend unchanged.

Our findings highlight the power of indirect detection
not only to constrain the microscopic properties of dark
matter but also to probe the early-universe processes that
could have seeded cosmic magnetic fields. Even sub-
nanogauss primordial fields can act as efficient amplifiers
of annihilation signatures, linking cosmological magne-
togenesis with observable indirect-detection signals and
providing a new window into the interplay between par-
ticle physics and the magnetised early Universe.
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