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Antiprotons Gamma-rays from
low mass DM

The GC GeV excess
as a case study




Indirect Detection: charged CRs

and from DM annihilations in halo
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and from DM annihilations in halo

Sagittarius Arm = * ‘ .n Local Arm
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Indirect Detection: charged CRs

and from DM annihilations in halo

Salati, Chardonnay, Barrau,

Specti Donato, Taillet, Fornengo, Maur
8f/ 8 8 Brun...“90s,‘00s
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diffusion energy loss convective wind source spallations



and - from DM annihilations in halo

KRA | KOL

thickness L [kpc] 4 | 4
Do [10%8 em?s~1] | 2.64 | 4.46
diffusion ) 050 | 0.33 .

N -0.3¢ 1o | -0.27
diff. reacc. va [kms™] 142 | 3¢ 38. 4.1 | 116 |
p index Y 2.39 ‘ 1.78/2.45 | 1.62/2.35 | 2.35 ‘ 2.30

convection dv./dz | 1\111% Tkpe ]] 0 0 50 0 | 0

N — & [GV] 70.650 | [ 0335 0.282 | 0.687 | 0.704 |
/dof (pin [25]) | 0.462 | 0.761 0.516 | 0.639

Xmm

Cirelli, Gaggero, Giesen, Taoso, Urbano 1407.2173
cfr. Evoli, Cholis, Grasso, Maccione, Ullio, | 108.0664

Electrons or positrons | Antiprotons (and antideuterons)
Model | § Ko [kpe?/Myr] | & Ky [kpe?/Myr|  Vigny [km/s| | L [kpc]
0.55 0.00595 0.85 0.0016 D

0.70 0.0112 0.70 0.0112
‘ 0.0765 0.46 0.0765

Donato et al., 2003+



Solar polarity Modulation of cosmic rays:

solar magnetic polarity reverses at (the max of) each cycle;
during ‘- polarity’ state, positive particles are more deflected away

+ = rotation parallel
to magnetic field;

- = antiparallel

(11 yr) Solar Cycle Variations
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Solar wind Modulation of cosmic rays:

d®P; = dd .
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Solar wind Modulation of cosmic rays:
which value for @ ?

Dedicated code

polarity | tilt angle a [deg] | m
S T e [ R "Tﬂi
10.00 |
10.00
10.00 \
10.00
10.00
10.00
10.00
10.00
10.00 \
10.00
10.00
10.00
10.00
20.00
20.00 \
20.00
20.00 \
40.00
40.00
40.00
60.00
60.00
60.00
60.00

T
=

0.05
0.05
0.05
0.10
0.10
0.10
0.20
0.20
0.20
0.30
0.30
0.30
0.40
0.40
0.05
0.05
0.40
0.40
0.05
0.40
0.40
0.05
0.05
0.40
0.40

P

| 95 [GV] | ¢5(GV]

1.18
1.18
1.12
1.06
1.02
1.02
0.78
0.74
0.60

1.56
0.50
0.38
1.50
1.18
0.50
0.40

1.18
1.18
1.12
1.10
1.10
1.10
0.96
0.90
0.74

1.18
0.70
0.44
1.86
1.34
0.66
0.42

- 50%

F_

|
+

HelioProp

| rel. diff. %]

0.00%
0.00%
0.00%
3.77%
7.84%
7.84%
23.08%
21.62%
23.33%
36.67%
40.74%
26.09%
27.78%
-19.18%
-12.50%
27.78%
-24.36 %
40.00%
15.79%
24.00%
13.56%
32.00%
5.00 %

Neutron monitors

1234 MV


http://cosmicrays.oulu.fi/phi/Phi_mon.txt
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1. prompt emission

la. continuum 1b. line(s) 1c. sharp features
AN : M X AN

&. secondary emission

Qa. ICS &b. bremsstrahlung &C. synchrotron
A\ g g A\




- environment-independent
+ 1. prompt emission :
' l1la. continuum 1b. line(s) lc. sharp features
: A ; A A :
. . :
‘~ ’l
9 o eoonda,ryemlssmn """" environment-dependent g
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Secondary emission

b.) soft gammas from bremsstrahlung of ¢ on ISM

Galactic Bulge Norma Arm

Scutum Arm

Sagittarius Arm ' . ' Local Arm
Sun .

- (very) relevant at low energy, in the disk and at the GC
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At Earth: (B) ~ 4 uG

Upighy ~ 1 eV/cm?®

Near GC: (B) ~ 10 uG
Upighe ~ 10 eV/cm®
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e* energy in GeV e* energy in GeV

=> brem is the dominant energy loss for low energy e*!
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But: inner kpc of the Galaxy is denser
(and more uncertain)

SNB CMZ CNR

Circum-Nuclear Ring

Stellar Nuclear Bulge Central Molecular Zone

<1 kpec <200 pc <3 pcC
? 10%-10° /cm? 10°/cm?






Bremsstrahlung gamma emission:




Bremsstrahlung gamma emission:

dE, 8 E.,

doi(Ee+, E,) 3aemaT{ . (1 E



Bremsstrahlung gamma emission:

e* population

bremsstrahlung differential cross section

doi(Ee+,Ey) 3 emor { . ( _ B

dE, 8 E.,




Bremsstrahlung gamma emission:

/ e* population
gas density i

bremsstrahlung differential cross section

d0i(Eet, E,) 3 iemor { - ( _ B

dE, 8 E.,




Bremsstrahlung gamma emission:

/ e* population
gas density i

bremsstrahlung differential cross section
doj(Eex, E,) 3 Qem0OT

dE, 8 E.,

¢§*§S = 134.60,
by = 131.40,

~J

O (Eet, Ey) = ¢3"(Bex, Ey) = 4(2° + 2) {log [ ¢(1 2),ss?



The e* population is affected by bremsstrahlung

e +e” spectrum

T T TTTTT T

- DM DM - upu
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The e* population is affected by bremsstrahlung

e +e” spectrum e +e” spectrum

T T T T TTTI T T T T1TTI

-DMDM-> 7T At Earth - DM DM - 17 Near GC |
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The e* population is affected by bremsstrahlung

e +e” spectrum e +e” spectrum
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The total y ray spectrum

y—Tray emission y—Tray emission
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"DMDM - uu At Earth - DM DM - uu
%mDM=5GeV kmDM:SGeV
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vy—ray energy in GeV vy—ray energy in GeV
- brem is dominant - uncertainty i is somewhat
- ICS is affected reabsorbed:

large Ngas |::> more loss and more emission




The total y ray spectrum

y—ray emission y—ray emission
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vy—ray energy in GeV v—ray energy in GeV

- brem is important - uncertainty i is somewhat
- ICS is affected reabsorbed:

large Ngas |::> more loss and more emission




The total y ray spectrum

y—ray emission y—ray emission
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- brem is important - uncertainty i is somewhat
- ICS is affected reabsorbed:

large Ngas |::> more loss and more emission







Dark Matter interpretation:
ADDITIONAL TEMPLATES

Counts in 0.1°x0.1° pixels

Without NFW: DATA-MODE 0.3° radius gaussian smoothing

PRELIMINARY PRELIMINARY PRELIMINARY
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With NFW:

' Wi | ' §10-100 GeV -

-

Pulsars, tuned-index

S. Murgia + T. Porter for FERMI-LAT - ICRC 2015
FERMI-LAT Coll., 1511.02938



Dark Matter interpretation:
ADDITIONAL TEMPLATES

Counts in 0.1°x0.1° pixels

Without NFW: DATA- MODEL 0.3° radius gaussian smoothing
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With NFW:

PRELIMINARY

Pulsars, tuned-index

S. Murgia + T. Porter for FERMI-LAT - ICRC 2015
FERMI-LAT Coll., 1511.02938



Dark Matter interpretation:

Best fit:
~35 GeV, quarks, ~thermal ov

Using events with accurate
directional reconstruction

bb
ce
88
uu,dd

35.25 eV

{ NFW, y=1.2 R.15 X 1072¢ em®/s

A compelling case
for annihilating DM

As found in previous studies [8,9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and

halo profile, we find that the inclusion of the dark matter
template improves the formal fit by Ax? ~ 1672, cor-
responding to a statistical preference greater than 40c.




Dark Matter interpretation:

Best fit:
~35 GeV, quarks, ~thermal ov

Using events with accurate
directional reconstruction

3525 GeVv
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A compelling case
for annihilating DM
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...as good as it can get.



An excess with respect to what?
Extracting ‘data points’ is not trivial:

i. choose a ROI (shape, extension, masking...) and harvest Fermi-LAT data
ii. impose sensible cuts (Pass N, angles, CTBCORE...)
iii. in each energy bin, fit to a sum of spatial templates:
1. Fermi Coll. diffuse
3. isotropic
4. unresolved point sources
4. features (bubbles...)
5. AOB (molecular gas...)
iv. repeat the same, adding a template for:
6. Dark Matter, having chosen a certain profile!
v. if iii. — iv. improves x?, there’s evidence for DM
vi. the component fitted by 6 is the residual excess to be explained

Adding 6 will in general change the recipe of 1...5 (you'll need a bit more of x here, a bit less of y there...).
Changing the profile of 6 too.



The excess is robust against
ncertainties in foreground More general DM good fits:
modelling, and it extends to o(10°): ———

L, P v

By the way, excesses exist elsewhere in the GP:

L5

032 Ge\

4—— Gal plane




‘Astro’ interpretation(s):

Modd A ModelA + DM ModelA +spike
Counts-Model, E. 10 GeV Counts-Model, E, = 1 — 10 GeV Counts-Moded, E, = 1~ 10 GeV

‘preferred’

)

~
|
>

‘disfavored’

An additional steady-source spike of CRs (from SNRs?) that emit via ICS
(which ‘motivates’ the spike with H2 distribution)

Enhanced proton energy losses

Leptonic outbursts: old + young (1 + 0.1 Myr)
near the GC (?)

(but even this is not ideal)

Unresolved point sources (MSPs?)

here, if energy losses

t
= = Model B ¢ Boyanky+ 2000
{

= Model C (1 outburst) Hooperk Goodesough 2010 intO aCCO U nt

Fermi 1uities ‘.”m.‘..u).‘u ¢t HoopeekSlatyer 213

HI+ W2 (2 oafbthots) & Abssajant 214

Gordon+ 213 = g —

Fermal coll. (prelninary) ; 10 e —
™~ -

Calored 2004

b, Gal. latitude [deg]

GaV exooss emissbon

M En20GY

5 ) -5

£, Gal. longitude [deg]

Galactic Iatitode M (deg, st £ =0




Dark Matter interpretation:

Including secondary emission
changes the conclusions

mpy =10 GeV, B=3 uG, n_,.=3 cm >, leptons

Best fit:
~10 GeV, leptons, ~thermal ov

But: propagation is approximate



Dark Matter interpretation:

Including secondary emission
changes the conclusions

-‘BR,=20%, BR,=20%, BR,=60%, 15 GeV KRA, gNFW (y =1.26)

BR, = 100%
BR, = 0%
BR, = 0%
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Dark Matter interpretation:

Analysis | Final State | Setup | Mpy [GeV] | (ov) [em®s™'] | x2,, /dof |

[4 9 P N bh | KoL 35.53 2.14 x 10-% 12.1
° ‘Gal Center’, v = 1.2 } - ——— 1 1 - 251 .
% _ | leptonic mix ™ | KOL 9.4 | 1.06 x 107 6.3

‘Inner Gal’, v = 1.26 - bo | KRA | 378 210 x107* | 1.44
eNFW (y = 1.26) | TTTER T T KRA | 8 | 696x10°7 | 34

KRA, gNFW (y = 1.26)

T ' 1 ] | | | | | | | | | | | 1 T | 1 ]
gl}}r _ (])9/9(/(" Xmin/dof = 3.4
p=yn
BR. = 0%

<
A,ALILALJL‘AAALA‘LL

dO/dE,d2 [GeV em™ 57 sr7')

>
y

10°x E; d®/dE,dQ [GeV em™ 57 sr7']

(o v) [em® s71]

(o V) [cm3 s"]

10%x E?
|

10° 10!
E, [GeV)

10° 10!
E, [GeV]

MDM = 37.8 GeV Mpy = 8 GeV
-26 3.1 ‘ A .
(o v)=2.10x 107" cm’s (o V) =696 x 10727 cm?s™!

o Lo e a1 2 2 a1 a1 1 1

15 20 25
Mpm [GeV ] Mpy [GeV]




Dark Matter interpretation:

Benchmark propagation models

'E’&s'i‘/‘*:“E bv Antiproton constraints may be
very relevant! But not robust.
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Antiproton constraints:

Benchmark propagation models
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Antiproton constraints may be
very relevant! But not robust.
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Assumption: fixed solar modulation

Result: hooperon excluded
(except unrealistic THN)

Fermi-LAT excess }




Antiproton constraints:

Antiproton constraints may be
very relevant! But not robust.

(ov) [em? s71]

Assumption: flexible solar modulation
Resulf: hooperon may be excluded or not

80

Fermi-LAT excess }



Antiproton constraints:

Benchmark propagation models

Antiproton constraints may be
very relevant! But not robust.
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Assumption: conservative solar modulation

Resulf: hooperon probably reallowed
(except THK models)

Fermi-LAT excess }




Antiproton constraints:

Benchmark propagation models

Antiproton constraints may be
very relevant! But not robust.

IVJ
g
O
.
P
>
b
N

Assumption: conservative solar modulation

Resulf: hooperon probably reallowed
(except THK models)

Fermi-LAT excess }

NB Conclusion differs from

which finds exclusion / strong tension



Antiproton constraints compared:

Benchmark propagation models

(ov) [em® s7']

May be very relevant! ‘Rule out’ or
But not robust. ‘considerable tension’.

How come?!%
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N
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‘Significantly less stringent’.



Antiproton constraints compared:

2 107%

Benchmark propagation models .
propag e 1104 100% b

0
N
)
-
\
-
b

(ov) [em® s7']

May be very relevant! ‘Rule out’ or ‘Significantly less stringent’.

But not robust. ‘considerable tension’.

How come?!? The devil is in the (CR propagation) details:
solar modulation, convection, primary injection spectrum, tertiaries...



Antiprotons Gamma-rays from
low mass DM:

environment-dependent

solar modulation secondary radiation
uncertain is important, even dominant

The GC GeV excess
as a case study:

|. secondary radiation changes
the DM interpretation,

2. antiproton constraints
are inconclusive




