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New 511 keV line data provides |
strongest sub-GeV dark matter
constraints




Positron-induced diffuse emissions

Diffuse MeV map
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The 511 keV puzzle and the fate of positrons in the Galaxy

Line and continuum y-ray emission from positrons applicable to

» Sub-GeV DM
» Primordial black holes
» Feebly interacting particles

Looking for signatures of sub-GeV DM annihilation with 511 keV line emission
Cosmic ray propagation |
Exploiting the full SPI-Integral dataset
Hints of a DM spike/cusp in data?

Conclusions




Positrons were discovered in the 1930s, from CR interactions -- CRs
must also produce positrons in the disk of the Milky Way

Later, Dirac showed that positrons annihilate with
electrons into a pair of photons — If positrons are
near rest, this leads to a line signal at 511 keV'! PN s

A X - A 5%
. .

But e*e pairs likely create a bound state, .
“positronium”, which produces a line, and also a para - Positroniun  ortho - Positronius
continuum emission below 511 keV

| | .
Direct annihilation cross | ﬁ-r?, v+ 4v+1 5 y+3 i dpp1! daet |

: - 1 (7y 2 —1) — 511 keV flux: —2 e s .qp. .o E
sections: A 21 In(y+v7*=1) = 7| g 2kps [ ds — o= me 0 (Eyn)
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Jean et al 2006, A&A 445, 579 ]

A steady injection of positrons is revealed by the observations of a bright
and diffuse line at 511 keV since the 70s. However, the of the
distribution and intensity of this line

Very peaked emission towards the centre (bulge
emission) + a very extended disk emission

SPI| Collab.
arxiv: 1903.05569




Prantzos et al RevModPhys.83.1001

Possible positron sources:t e

Known sources contributing to the disk
emission are pulsars injecting e” Or Sources
synthesizing B* radioactive elements (e.g.

SPlI 511 keV =

= NN W e
1T II|

e . T e e

6 —
26Al in massive stars, 2Ti in CC-SNe or °Ni 5 SPI 511 keV 3
. b E
In SN 1A) 3L E
2 s LMXRB obs. =
- - - E HardLMXRB obs. 3
The measured bulge emission requires a 1 gmeseases

spatial morphology and injection rate that
does not seem to easily fit with known
candidates, such as low-mass X-ray binaries,
SN 1A or other sources expected to be located
around the Galactic centre
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Prantzos et al RevModPhys.83.1001

PossIble poSItron SOUrCes:; o= s o v

Sub-GeV DM (<hundreds MeV) was possible
solution considered by C. Boehm, A. Vincent
and others

Cored DM profile, DM decay, p-wave DM are
ruled out (Ascasibar et al 2006)

s LMXRB obs. =
HardLMXRB obs. g

= 0 W s OO,
| T

Sub-GeV DM is compatible with BBN - amemssans
constraints for m,=10 MeV (Boehm et al) or -

6_ SPI 511 keV E
m,<1 MeV (M. Escudero et al) with extra 5¢ Dork Motter
neutrino injection o:

X

T = N:
o
dm* et Longitude (deg)




e*e” propagation

» Electrons and positrons interact with the
Galactic magnetic field and the ISM

» DM particles heavier than ~10 MeV would
produce e that travel up to 100s of parsecs

before thermal lzmg (Pedro De La Torre Luque, SB, J. Silk
arxiv:2312.04907)

The diffusion equation in this case can be approximated as (with DRAGON):

(Neglecting advection
) @ from winds)

Di , e .
CHIUSION - Reacceleration Injection Energy I_osse_s
D from CR D, o« V2/D (following DM (Coul,, loniz., Brem.,
| V) pp A distrib.) IC, Synch.)



Reacceleration effect

The effect of reacceleration hugely
impacts the expected spectra!

Exchange of energy of charged particles
with plasma waves — Alfvén speed
dictates speed of plasma waves

[MeVm 2s 1sr 1]

2 do.

e

E

Alfven speed (/) changes from analysis
to analysis due to systematic
uncertainties in CR analyses
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P. De La Torre Luque, SB, J. Koechler ArXiv:2311.04979

{ {ov)=2.3%x 10728 cm3/s

| |—— Wa=0km/s

xx—e*e” (my,=1MeV)

— V4=40km/s
— WV4=13 km/s (Best fit)
-+ \Voyagerl (2012)

— V4=20km/s
—— V4=30km/s

102 103

Ee [MeV]

100 10!

Reacceleration boosts any sub-GeV e Te signal to high energies — key for any
exotic positron emitter (including feebly interacting particles and PBHs etc.)



Free electron density dependence

The Latitude profile of the 511 keV can be leveraged 1.0]

Different regions of the Galaxy — different rate of 0-81
positronium formation

Nn«(R=0,2)

Depends strongly on the distribution of the ambient

< 04
electrons <
0.2
Important for very low DM masses, when the positrons
lose energy very fast in the disk 0.01

-8 -6 -4 -2 0 2 4 6 8
Vertical distance - z [kpc]

We consider the NE2001 Model (Cordes and Lazio (2003a,b)) for the free electron
density, this enables use of the 511 keV latitude profile!



Best fit parameters

Best fit propagation parameters from local CR
observables and analyses

Lots to see but the important ones are H and V/,
We also consider a pessimistic setup (very slow
diffusion), where the halo height is set to / = 3 kpc and

no reacceleration (i.e. V, = 0 km/s).

And optimistic (very fast diffusion) case, H/ = 16 kpc and
V4 = 40 km/s.

Halo height

Norm. of Diffusion coeff.

Norm. rigidity
Diffusion spectral index
[ exponent
Alfvén velocity
Break rigidity
Index break

Smooth. param.

8.007F52 kpe
1.027072 x 10% cm?s~!
4GV

0.49 £ 0.01

=+0.06
—0.75 007

13.40719:05 km/s
312+ 31 GV
0.20 + 0.03
0.04 =+ 0.0015

Best fit parameters and uncertainty bands will be shown later in the limit plots
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Profile of the line follows the distribution of diffuse positron, i.e. @511~
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': --- No propagation
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Pedro De la Torre Luque, SB, J. Silk ArXiv:2312.04907

-30 =20
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+

The propagation of the e+ injected by
DM leads to a mass-dependent profile
of the expected signal

First consequence: Only positrons
Injected close to ~1 MeV will closely
follow their source distribution

Second consequence: a

(with caveats®*)



But still the line can be used to set very strong constraints on light
DM producing positrons

¢ 1oy [107% cm™2 571]

The longitude profile leads to strongest constraints up to a few hundreds of MeV
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But still the line can be used to set very strong constraints on light

DM produci

The longitude profile leads to strongest constraints up to a few hundreds of MeV

ng positrons

Decaying DM
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Limits are great, but what about a DM

explanation?

Yes, a DM spike (or something more cuspy than NFW e.g. Moore profile) Is
required (arxiv:2410.16379), simultaneous fit of latitude and longitude profiles

P11key [1074 571 cm™?]

possible with very low < ov >

3.51

Yi—ete~ INTEGRAL (SPI)
3.0{ my,=20MeV -5.25 < | < 3.75
2.3 Gondolo-Silk
T 107 ¥ cm/s
2.01 ---- Disk model
— Total

+ SPI

latitude [deg]

4.0
xir—ete~ INTEGRAL (SPI)
3.51 m, =20 MeV -10.75 < b < 10.25

3.01

Gondolo-Silk
1.4 x 107 3cm3/s

*MIN
T 2.8x%x10 3 emi/s

MNFW
2.8 x 10 3cmi/s

-=-== Disk model

2.51

Pdq1key [107* cm™2 s71]
=
un

=T
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0.0 - :F & L '_*_++
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Pedro De la Torre Luque, SB, F. Sala, M. Fairbarn, J. Silk. arxiv:2410.16379



Conclusions

The 511 keV puzzle still remains a mystery — annihilation of sub-GeV. DM is a tantalizing
possibility. Systematic uncertainties still persist.

Fully leveraged the SPI Integral data, includi 3
propagatioh” = | -~ & "

: - '. ‘ - B " B .
' B ’ . .
o p ¥ Y - . .. .

M, R .
NFW ﬁﬂ\ﬂgdoesn’t,match obsery

DM Spike profiles could matc the
(@arxiv:Z410.16379) L

Recently we showed sub-GeV DM can_also explain the anomalous ionization rate observed in the

Central’Molecular Zone (arxiv:2409.07515)

This work reinforces the power of the 511 keV line and in-flight annihilation emission for exotic  *
sources of e, including PBHs and feebly interacting particles



Fits to local CR spectrum
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Figure 7. Main CR observables used to determine the propagation parameters employed in this work.
AMS-02 data are shown as red markers and Voyager-1 data as green markers.



Propagation lengths
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Figure 9. Average distance travelled by positrons in a medium with total density of 1 cm ™ (solid
lines) and 10 em™3 (dashed lines), assuming 10% of He. The blue lines denote the average distance
travelled by positrons without including the effect of reacceleration and the green lines represent a
rough estimation of the mean distance travelled by positrons when including the effect of reaccelera-
tion.



Useful formulae

Given the propagated and integrated flux of
diffuse positrons in the Galaxy as a function of
3D position (z,y, 2), ¢e(x,y, z), we calculate the
emission of 511 keV X-rays from a given direc-
tion by integrating over the line of sight, as

d511 o i
o3 :ka/dsssz?e(is,b,z,ys,b,h?’s,b,z) 2)

df 472 ’

where k,, = 1/4 is the fraction of positro-
nium decays corresponding to (singlet) para-
positronium states) contributing to the 511 keV
line signal, ¢. = [ %dff is the energy-
integrated emissivity of positrons, df) =
dldbcos b is the solid angle element with [, b
and s denoting the Galactic longitude, latitude
and distance s (along the line of sight) from the
Earth.

d q-ﬁ:?,l 1
dQ)

o 2}’{, j . dd)e+ , aIlIl(E )
— ps I (081 dQ Tl'a(-: a tll 2

D _% 1 v4p?
364 —62)(4—-6) D

r — 2 i
= N ann
(f72v> (Mi)) (dé (annihilation)
Tﬂx e
Q.(Z, E;) = { , (2)
pu(@) AN
r —  (decs

where (ov) and I' are the DM thermally averaged annihilation cross section and the DM decay rate,
respectively. p,(Z) is the DM energy density at the position # and dN./dE, the injection spectrum
of DM-produced electrons. The three following DM annihilation/decay channels are relevant for the
sub-GeV DM case that we study here

XX — eter, XX = pp, XX — 7, (3)



Positron sources

Source Process E(e™)* et rate”  Bulge/Disk® Comments
(MeV) N_+(10¥ sy  B/D
Massive stars: 2°Al BT -decay ~1 0.4 <0.2 N , B/D: Observationally inferred
Supernovae: 2*Ti BT -decay ~1 0.3 <0.2 N: Robust estimate
SNIa: *¢Ni BT -decay ~1 2 <0.5 Assuming fo+ ...=0.04
Novae BT -decay ~1 0.02 <0.5 Insufficent e™ production
Hypernovae/GRB: 56N BT -decay ~1 ? <0.2 Improbable in inner MW
Cosmic rays p-p ~30 0.1 <0.2 Too high e™ energy
LMXRDBs N = ~1 2 <0.5 Assuming L.+ ~0.01 Lope x
Microquasars (pQ)s) v = ~ 1 1 <0.5 e’ load of jets uncertain
Pulsars y—v/~v—v8 >30 0.5 <0.2 Too high e™ energy
ms pulsars y—v/~v—v8 >30 0.15 <0.5 Too high €™ energy
Magnetars y—v/~v—v8 >30 0.16 <0.2 Too high e™ energy
Central black hole P-p High ? Too high et energy, unless B >0.4 mG
v = 1 ? Requires et diffusion to ~1 kpe
Dark matter Annihilation 1 (?) ? Requires light scalar particle, cuspy DM profile
Deexcitation 1 ? Only cuspy DM profiles allowed
Decay 1 ? Ruled out for all DM profiles
Observational constraints <7 2 >1.4




Also important for sub-GeV DM
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Previous constraints

Strongest previous constraints come from the

X-ray Galactic diffuse emission and CMB

X-ray constraints suffer from uncertainties in
propagation as well — Limits can be a factor

of a few lower for a NFW profile

PDL, S. Balaji, J. Koechler ArXiv:2311.04979
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The associated continuum emission Kills the DM hypothesis

(“Stringent Constraint on Galactic Positron Production” (Beacom, Yuksel PRL 2006))

In-flight positron annihilation emission (1A)

constitutes a fraction of the 511 keV flux,

but as a continuum emission
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The diffuse MeV gamma-ray emission rules
out masses higher than a few MeV if DM is

the source of the 511 keV emission
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A

with previous constrains — For masses up to a few tens MeV

, closer to a Moore profile

of the emission well without being in conflict
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DM spi
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X e

O-ps emission dominates at low energy, while IA the at high energies. Internal m
bremsstrahlung (FSR) is subdominant . e

DM spike distributions open a window of m, compatible the 511 keV bulge emission

Gondolo-Silk profile

F e, p-ps (IfA) —-— FSR —-— o-ps
| —— pps (Line) —— BkglIC +  SPI(INTEGRAL)

E2dd, /dE, [MeV s™!em ™2 sr ]

e I <30-|b| <15

001 01 1 10
E, [MeV]

Pedro De La Torre Luque, SB, F. Sala, M. Fairbairn, J. Silk. To be submitted



DM spike around SgrA* explanation

The associated in-flight annihilation emission is compatible with MeV diffuse
gamma-ray observations up to DM masses around 20-30 MeV
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v 1.0 gk t
o i
T J 3
- 0.5 10
0.0 +++
-30 -20 -10 0 10 20 30 0.1 1 10 100
longitude [deg] E. [MeV]

Pedro De la Torre Luque, SB, F. Sala, M. Fairbairn, J. Silk. To be submitted



Future detectors at the MeV
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