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Evidence

m Astrophysical (rotation curves, gravitational lenses, cluster dynamics)
and cosmological (CMB analysis, structure formation simulations) ob-
servations = non-baryonic DM
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being the total one,

m DM density is experimentally
well-determined by the Planck

Qepyh® = 0.120 + 0.001,

Q7% = 0.1430 + 0.0011

Planck Collaboration A&A, 594 (2016) A13

Begeman et al., MNRAS 249 (1991) 523
Clowe et al., ApJ 648 (2006) L109

osan 36

After Planck

Dark Matter \QeASReRZY

Dark Energy

October 3, 2019



ultiDark

DM properties

DM candidates should appair as an extension of the Standard Model (SM)
and, in order to constitute most of the total missing gravitational matter, have
to fulfill some requirements

m Stable against decay or long lasting, lifetime comparable or longer than the age
of the Universe, 7y ~ 10'7 s

m Non relativistic (Cold Dark Matter) at the epoch of structure formation to allow the
rise of big structures

m Abundance consistent with the relic density deduced from the CMB fluctuations

m Mostly collisionless in order to be compatible with observations of galaxy cluster
systems

m Neutral or slightly charged
Not excluded by current searches
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Different methods of detection

Production

Collider Search
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Tanabashi et al. (PDG), PRD 98 (2018) 030001, The Atlas Collaboration, JHEPO5 (2019) 142,

107
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- Candidates

ALAMANCA

Dark Sector Candidates
zeV aeV feV peV neV peV mev ev keV  Me¥  Gev  Tev .
T Y N I T | 1 I 1 ] & o
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Uliraligirt Dark Matter = Hidden Sector Dark Matter 5 o
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Pre-Inflationary Axion Hidden Thermal Relics/ WIMFless DM 2 107
«—> ERT
Post-Inflationary Axion Asymmetric DM <
A g™
Freeze-In DM

107 107 10% 10™ 107 10™ 107" 10"
DM mass m, [GeV.

Kavanagh, PRD 97 (2018) 123013

-
107 10

Battaglieri et al., 1707.04591

We focus on
m Hidden Sector DM

m 51073 GeVs m, <10 GeV, with y the DM particle

m WIMPs (Weakly Interacting Massive Particles), DM-nucleon cross-sections
10747 cm? < OyN S 10740 ¢m?

SIMPs (Strongly Interacting Massive Particles), 107 ecm? < oy < 1072em? 54
in order to not exceed the Earth heat flux Mack et al., PRD 76 (2007) 043523
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e EffEctive Field Theories (EFTs)

m Description of DM interactions with SM particles through effective operators
Goodman at al., PRD 82 (2010) 116010, PLB 695 (2011) 185

Operator Coefficient Operator Coefficient
XXxaq mg /M2 XYY XGY Y q 1/M? M DM
XY’ xaq imq/M;‘ XOMXGO 1q 1/M?
Xxav'q imgy /M3 XY’ X4T upd i/M?
XY’ xav’q my /M3 XG0, GHY @, /4M3
XYEXAY 1/mz XV°XG, GH iat, /AM3
XYY XGY 1/m2 XXG L, GHY ia,/4M3 M DM
XY Xavuy’a 1/m? XV xG ., G a,/4M3

m Effective energy scale A, with A2 ~ 1/Coefficient. For effective couplings of mass

dimension (=2) M, ~ ﬁ, with M, the mediator mass and gy, g, DM-mediator

and quark-mediator couplings
m In their validity range (g < A, g < My, with ¢ the transferred momemtum) predic-
tive power for

direct detection (DD) Rogers et al., Phys.Rev. D95 (2017) 082003, Brod et al. JHEP10 (2018)
065, Angloher et al., Eur. Phys. J. C 79 (2019) 43

indirect detection (ID) Karwin et al., Phys. Rev. D 95, 103005 (2017), De Simone et al.,
JCAP 02(2013) 039

collider searches Busoni et al., PLB 728C (2014) 412
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DM interacts with the SM sector through metaestable me-

diators \ /
Pospelov et al., PLB 662 (2008) 53, Batell et al., PRD 81 (2010) 075004, /9-= Qn\
Leane et al., PRD 95 (2017) 123016, Profumo et al., JCAP03 (2018) 010 M DM

Almost negligible rate for direct detection (DD) and collider EY DM

production \/
Gax

Simplified theories: possess a minimal particle content and .

are understood as part of a more detailed theory

Morgante, Adv. HEP, 2018 (2018) 5012043 M o

m Indirect signatures are expected

m Signal far away from the point in which the annihilation ta-

kes place
Rothstein et al., JCAP 2009 (2009) 018

If annihilation takes place inside stellar objects =
final products could suffer less attenuation due to the pos-
sibility that the mediator lifetime is large enough so that it

. . Batell et al., Phys. Rev. D 81
decays close to the surface of the object or outside (2010) 075004

Bell and Petraki, JCAP 2011 (2011) 003,
Leane and Beacom, PRD 95 (2017) 123016
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in an astrophysical context

Candidates difficult to be tested by conventional detectors

m Secluded DM, almost negligible rate for direct detection (DD) and collider pro-
duction due to the reduction of its couplings to SM particles by this intermediate
state (mediator)

2
m Light DM (LDM), m, < 1 GeV, provides recoil energies, E, ~ 2{]7,\, ~ 1 eV, below
the energy threshold of current conventional terrestial searches E, ~ 1 keV

m Momemtum suppressed interactions, oy v ~ O(¢q™), in DD experiments (g — 0)
Freytsis and Ligeti, PRD 83 (2011) 115009, T. Li, PLB 782 (2018) 497

m Velocity suppressed anihilation channels, ov ~ O(v?), in the solar vicinity, where
v~ 1073
Bell et al., PRD 96 (2017) 023011, De Simone et al., JCAP 02 (2013) 039

4

Astrophysical scenarios: Compact stars
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Neutron stars and white dwarfs

m NSs and WDs are formed at the end of the life of a luminous star
B 0.4Mo S Mprg S 8Mo = WD
B My 28 Mg = NS o0 BH
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= R Neutron stars and white dwarfs

PSAILA, \\\(ﬁ\

B Rys ~ 10 km, Mys ~ 1.45 Mg, C = Mys/Rys ~ 0.1, pys ~ 10'* g/cm?
B Ryp ~ 0.12Ro, Myp ~ 0.6 Mg, C = MWD/RWD ~ 1075, pwp ~ 10° = 107 g/cm?

B Ro = 6.9510° km, My = 1.989 1030kg,c— Yo <107, po ~ 1.6 10? g/cm?
White Dwart Neutron Star
.'Q‘.ﬂﬁ momb@‘b‘. +n+ERe!
o“";}"i‘f@%
."II / . | lJ € u
| { [ C/O lattice | || / O'hﬂp articles? |
i\ +ERe’s f | \BE coudensates"
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WD internal temperatures T ~ 0.1 -1 keV and
surface temperatures T, ~ 107 — 1074 keV

® NSs are born in supernova explosions with
T ~ 10 MeV, after t ~ 10 s become trans-
parent for v's generated in their interior and
cool by emitting them achieving T ~ 1 keV in
t ~10° yrs

m WD interior, supported by degenerate e~ pressure, can be described by a
polytropic equation of state (EoS) P = Kp”%
n =3 for p, < 10° g/cm? (non relativistic &™)
n =3 for p. > 10° g/cm? (relativistic e~)

Vast number of EoS for NSs depending on different compositions of inner cores
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DM accretion in dense stars

The distribution of NSs in the MW peaks at (r) < 4 kpc, where p, ~ 30 p;"ébi"”’,

some globular clusters (GCs) with a core DM density p, ~ 100 GeV/cm?
Lorimer et al., MNRAS 372 (2006) 777, G. Bertone, M. Fairbairn, PRD 77 (2008) 043515, M. McCullough,
M. Fairbairn, PRD 81 (2010) 083520

m Capture rate, Gould, ApJ 321 (1987) 571, Giiver et al., JCAP 05 (2014) 03

3
2P GMR _,( 3 \2
1—‘capt

8
3% my 1o 20 M\ 2772
m 7 is the average y velocity in the existing DM distribution at the star location

mf ~ 1for O’X, 2 09, with o ; the DM-i-th type SM particle cross section and

zrm,

oo = the geometrical cross section
m In WDs DM particles are captured due to their interaction with C and O nuclei,
OyA 200 = Ty.N > 10_39 oA

2 -
cm” = efficient capture. If o7y 4 < 00, f ~ 2=
Bramante, PRL 115 (2015) 141301

m For the NS case, capture due to DM-nucleon interaction (90 % neutrons, 10 %
protons), oy v 2 09 ~ 1074
Guver et al., JCAP 05 (2014) 03
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DM accretion in dense stars

The number of DM particles inside the star Gaisser et al., PRD 34 (1986) 2206

dN,
7 = 1—‘capl =2l am

B T = 5 [P ny(P)oav) = 3Caly
m (o,v) the averaged annihilation cross section over the initial DM states

m n,(7) the DM number density at the position 7 inside the star

1

VIlcaptCa

B Fort>teq = DM is thermalized inside the star, and taking p(r) = p.,

2
nx(?) = nO,Xei(ﬁ) s

with ng,, central DM density, _[)R ny (A7 = Ny,

m Thermal radius ry, = angﬁ

Feapt

B Fori> 7eq, Ny ~ 4/

1
= Lam = frcapl
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DM inside NSs

m DM reaches the star at v = ZMNS ~0.6

m If capture is efficient o,y 2 09 ~ 107 cm?, after ¢ ~ 7,, DM thermali-

zes,v~ |-
X Accretion

m Medium effects: density and temperature

My contribution

B Pauli blocking, Fermi Dirac distribution
functions, fy(E) = W restrict

the outgoing N phase space

B Effective values for the chemical poten-
tial, uy,, and for the nucleon mass my,
due to the presence of mesonic fields
Serot and Walecka, Adv. Nucl. Phys. (1986)
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Diffusion of DM in the
NS core

m Fermionic LDM, m, < 1 GeV, at v < 0.6 scatters off N’s of the NS core

m Scalar and vector effective interactions

L7 = gnsX)XNN + gnux ¥ XNy N

gns and gy, scalar and vector y—N couplings

p=EP),p = E.p) k= @k, K =~
g=p' —p=k-K,q=E-E=w-0o

Xk Xk
m The DM mean free path in the Sun or in the Earth can be estimated as 1, =

with n the baryonic number density

1
o'Nn‘

. . . -1
m Inside NSs medium effects have to be taken into account, 4, = (”TN)
Cermeno, Pérez-Garcia and Silk PRD 94 (2016) 023509

%3 4(27r)3 f:

\k|+|k’ 00 M 2|3 E)1 — E
f 4 dlﬁll NPV EXA - fn(ET)

Wi-1e' Pl AR R \E20? — m2m
my
|(§T (qO T m

m Limits: |p_| = ﬂ) qo.min = 0for T =0 and gomin = —o0 for T # 0
N
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e  Diffusion of DM in the NS core

m NS core density n < 214, ngar = 0.17 fm™3
m ForevolvedNSs T ~1keV<Er=T~0
m We take gys ~ 10715 MeV~2, gy, ~ 10712 MeV 2

Cermeno, Pérez-Garcia and Silk PRD 94 (2016) 023509

100 LI':O 1 T T T +=0 T
- T=10 MeV -
Diffusion of DM in the 80 - 7
NS core
0.1
— 60 b
E B
~ a0 4 7
001 F R 2
20 [ . E
() Loy 1 L L L L 1 L 1 1
0 50 100 150 200 250 300 0o T T 1s 2 25 s
w-m, (MeV]
y { ) NNgq
my =1GeV, w < y(v=0.6m =126 GeV
2 =1GeV,w =126 GeV (v=0.6)
v B3 —0) = e ’
Hy =Ep = 2y, my = 0Jmy, n(T = 0) = nsar, effective (nude) nucleon mass for 7' = 0 (T #0)

n(T = 10 MeV) = 0.174 fm™3 n(T = 30 MeV) = 0.209 MeV
A < Rys = Diffusive scattering
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DM interaction in the NS outer crust

Fermionic LDM, m, < 500 MeV, scatters off (scalar
and vector interaction) nuclei A of the NS outer
crust, p ~210° — 410" g/cm?

m Scattering y — A in the lattice = phonon excitation ¥
B e m Acoustic phonons (wx < 3 MeV Di Gallo et al., PRC 84 (2011) 045801 ), linear dispersion
outer crust. A N . >
Phonons and impact relation wy = ¢;lk|, with k the phonon momentum and ¢; the sound speed

202
m BCC lattice, ¢; = o 2 ” with 7}, \IM",’;# the plasma temperature associated
to a medium of ions W|th number density n4, baryonic number A and electric
charge Ze
W. J. Carr, Phys. Rev. 122, 1437 (1961)

m Ty <T < Tp, Ty ~ 0.07Tp minimum temperature for which the approximation of
free electrons holds and Tp = 0.457), the Debye temperature
Ziman, Electrons and Phonons (1960)
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DM interaction in the
NS outer crust.
Phonons and impact
on the thermal
conductivity

Acoustic phonon excitation rate R(;) = 216(Ey — EDKAIVID?
V@) =3, G 77) %‘ interaction potential, a scattering length

Oya = 47a? in the CM frame using the Born approximation, 7y —p}).rﬂ < 1,
with || typical target size

2
_ A-2) Z) V
doa _ WMl n3 (% WP+ 452 VNP
dQ T 64nZ(pp+py)? XA = 647r2(m,\+m)()2 ’

with |[My[? = fl 2nd(cos 9)()|ﬁ)(/\/|2

The acoustic phonon excitation rate per unit volume
Cermefio, Pérez-Garcia and Silk PRD 94 (2016) 063001

(©0) 8"4”/24 L ate o 2 > »
= ae o | Pldplf (p)a”|Ey — [Kleil,con Ey > [Kle;
2mPemymacy Jo
—mTX H—WA2
YlX /H _
foy) = 47”%” %) Maxwell-JUttner distribution function for relati

vistic incoming DM, n, = p,/m, the local DM density and K>(“%) the modified
Bessel function of second kind
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s PNONON eXxcitation rate

Cermenio, Pérez-Garcia and Silk PRD 94 (2016) 063001

DM interaction in the
NS outer crust.
Phonons and impact
on the thermal
conductivity

7 75 8 85 9 95 10 105 11 115
logy4g P (g/cms)

my = 500, 100 and 5 MeV, p/\//p;rr(l)hiem =10.
Neutrino contribution at |1_€| — 0, Ry, is also shown for m, = 0.1, 1 eV, with
> —blK]| . .
R(VO)(k) = R,peTev and b a constant value which depends on the neutrino mass
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Impact on thermal conductivity

l ~1

Total thermal conductivity k = k. + &;, &' = k' +

B Kjj = Kpp = %CAnAc,L,,/, and «;. are the phonon-phonon and phonon-electron
partial conductivities ziman, Electrons and Phonons (1960)

m Cy4 the heat capacity per ion (dimensionless) due to phonons

m At temperature T the phonon mean free path Ly, o 1/Nog, Nox = (e</T — )71,
with a proportional factor which depends on the lattice properties

DM interaction in the

NS outer crust. m The net number of phonons N that results from the competition of thermal and
Phonons and impact . . . . . .

e themal scattering excitation and stimulated emission
Cermefio, Pérez-Garcia and Silk PRD 94 (2016) 063001

+k»

Ny = Nog + RVt - f 713((17)13(0)1\70 ke‘m’x) e SVt

where RZO) is the single phonon excitation rate for each particular momentum
value, y(py) = (7 Lorentz factor and v ~ 1072 the NS galactic drift velocity
_ M)
1

X
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lon-ion thermal conductivity

Cermefio, Pérez-Garcia and Silk PRD 94 (2016) 063001

1.8 T T T T T T T
i 1615 10/K —— ] ~ "mZes ey’ T
o 1 L TEWK— 4 10 F ke perp)EB:lOMG - 3
' : " Kg PErp B=10"" G e
F“E 12 | - 1
o l I 4‘;‘ g
2 o08F e o 01
EO 0.6 F e ﬁw 0.01
DM interaction in the .t P
D, o 04r 2 P
Phonons and impact s 02+t~ = 0.001 E- E
N
0 L L * 0.0001 ! ! ! ! L L L L
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
P10 P10
m,, = 100 MeV. Solid, dash-dotted and T = 10® K and m, = 65 MeV.Solid,

dashed lines depict the cases with no DM dash-dotted and dashed lines depict the
and with LDM for p, /o7 = 10, 100. cases with no DM and with LDM for
We fix £ = %2 4; = (4mna /3)3 Pl = 10, 100. We fix [k = G
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Secluded DM annihilation inside NSs

m Fermionic DM interacts with the SM sector through a pseudoscalar me-
diator a
C. Boehm et al., JCAP 1405 (2014) 009; M. J. Dolan et al., JHEP 1503 (2015) 171; C. Arina et al., PRL 114
(2015) 011301

L8y .8 -
Ly =-i—zavysx —igo—=afy:
T s v sf X f
gy DM-mediator coupling ~ Be===--
& SM fermions and mediator coupling

g = 1 flavor-universal model, gy scaling factor X f

Secluded DM

iiation nside m For my, < myjgg, m, < m,, the main annihilation channels

X e e
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A

Secluded DM
annihilation inside
NSs. Neutrino
emissivity

Neutrino local energy emissivity

Energy emissivity O = #ig; = 4 [ dD(E1 + E2) IMPf(fi. fo. f3.f2)

_ _dp &py d*p3 py 44 e
B dD= 2Qn)3E; 2220E, 22aVE; 227 Ey (@n)"6"(p1 + p2 = p3 = pa)

B Foryy = ff, (i fouf3fa) = FENf(E2)(L = f(E3))(1 = fr(E4))
m Foryxy — aa,  f(fi.f2.[5.f4) = [ BV (E2)fa(E3)fu(E4)

m f,.fr and f, are the local stellar distribution functions for DM, fermionic and pseu-
doscalar particles

3 i
= fi = (37 ) mu(e 7 for DM thermalized inside the NS
m We restrict our final states to v's
m As standard v's do not get trapped f,, ~ 0

We take f, ~ 1 for simplicity
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= Neutrino local energy emissivity

ALAMANCA

Model [ my [GeV] | mq [GEV] o 20
A 0.1 0.05 75%1073 | 7.5x1073
B 1 0.05 12x107! 2x1073
C 30 1 6x 107! 5x 1075

Cermefio, Pérez-Garcia and Lineros, ApJ 863 (2018) 157

26 XX - W A =eeenee g 45 R A ]

— B . XX aa B

o AL [ 1 w40 b c i

ol standard —— | ) standard

g £ 35 g

> 20 S

= |

k) g sof ]

o | o 25| i

S 16 R S

g g 20F T .

= 1a i < e
Secluded DM N \ f 15 | | Se-— -~
annihilation inside 120 01 01 1 10 0.01 01 1 10
NSs. Neutrino - - X .
emissivity T (MeV) T (Mev)

1 GeV TN
N2 3 Nyg =1.5x 10| & ( )(%)
0&(T,Ny) = Qo 5 ( T ) pan(x]bmn/ my 1043 cm
M Noy ) \TMeV X

Kouvaris and Tinyakov, PRD (2010) 82
Localized emission in < 7 % of the total stellar volume for T < 10'° K

Or(T,Ny) > Omurca for T € [0.01,0.1] MeV during the NS entire lifetime for model C
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Secluded DM annihilation inside WDs

Less dense objects and more experimental data, stellar magnitudes and distan-
ces of the WDs in the M4 GC
L. R. Bedin et al., ApJ 697 (2009) 965, M. McCullough, M. Fairbairn, Phys. Rev. D 81, 083520

m Mostly model independent framework, no asumption about the type of coupling
m LDM, m, < 500 MeV, interaction with the SM through a metastable mediator ¥
m my < my

m SIMPs 107 em? s oy < 1073 em?, o0y 4 = A%0

® Main annihilation channel yy — YY, Y — yy

L_ Lorentz

m Indirect signals will depend on the Y lifetime, 7 = yyTyesr, vy = =
1-v

Secluded DM e s Y

anninilation inside factor and 7,5 < 1 s lifetime at rest

‘WDs. Luminosity and

constraints

r
Bl ~ 10° years > 1eq = Typp = 52

m DM thermalized inside the WD annihilates into Y’s which may interact with nuclei,

OyA = Azo'y,N, with a mean free path A;,; ~ ﬁ

October 3, 2019 27/31



MultiDark

s Mediator attenuation inside the WD

B If 7 > Ay, Y energy losses. Initially, pyo = /m2 —m?, after one interaction
Py =gpro,0<q <1 -(1-gAcy Npc
m Continuous energy losses = py(r) = \fm2 —mb e~ "~ =k

m w(r) the approximated analytic solution of the Lane-Emden equation for a poly-
trope with n = % accurate to 1 % to the numerical one Liu, MNRAS 281 (1996) 1197

3
w(r’)2dr

Cermefio and Pérez-Garcia, PRD 98 (2018) 063002

T T T T
|
0.8 [ |
! 38 2
>O: 06 |- ngN:]'O-SQ cmy - -
2 ‘ UX'N:10'4° cm;
> g4 b WN=107Tem® -]
led DM .
annihilation inside |
0.2 ! |
L
0 y I I I I
0 0.2 0.4 0.6 0.8 1
"Rwp

my =0.5GeV, my =0.01 GeV, oy n =0ynN,
pe =3.78 100 g/cm3, M = 0.95M¢
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m Decay probability density
_mydr’ mydr’
Pacc _ "~ b TrestEy () |

dr

dN, 4
T = 7EOE, — E)O(E,

mvy(r)>0=>yy(r) > 1,E_ - E,and AE - 0
60

~E,)),AE = E,

TIES

50 | Trest™ 1 5
Trest=0.01 s
rest
Trest=0-001 s
led DM 40 b
annihilation inside
WDs. Luminosity and
constraints

30 - B
20 - =

Ly (1025 erg s‘l)

wEo o B

02 03 04 05 06 07 08 09
MWD/Msun

Internal luminosity, Cermerio and Pérez-Garcia, PRD 98 (2018) 063002

e mydr’ E.(r)
L, :rannf Ne Do fm[Eymf
0 _

E-(r)

—-E_andE. =

my =05GeV,opN =0yN =

dNy (r)

E,
E, dE, ———dE,dr

o _ r_myd’
f fo TreleY(’)dr+f e b TrestEy (R) d,]:]
o R

A Fvp(r)!

1
yr(r)

Cermefio and Pérez-Garcia,
PRD 98 (2018) 063002

10739 em2, 4= 0.5
solid lines my = 0.375 GeV,
dashed lines my = 0.01 GeV

red points Leyy in the M4 GC from
M. McCullough and M. Fairbairn, PRD 81 (2010)

083520
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Internal luminosity and constraints

m If L, > 1.5L,, for all the experimental data (50 % of tolerance)= we exclude
those points of the parameter of space

m The lower limit of 7,5, Tiimit, depends on Z—)‘(’ in a different way depending on o v
and oy, left plot

m For the most restrictive case my ~ m, = excluded values of 7,y as a function of
oy.N, Pink region of the rigth plot

Cermenio and Pérez-Garcia, PRD 98 (2018) 063002

T
0.14 | 1 01k i
0.12 | 4
0.1 B
Z o0 : 1 g o9 3
E : g
ed DM £ - o
anmhl\:l(\amns\de = 0.06 |- L i -
WDs. Luminosity and 0.04 - i 0.001 E
constraints .
002 - - B
0 ~ L L L L 0.0001 L L L L L
0 0.2 0.4 0.6 0.8 1 -39 -38 -37 -3 -35 -34
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Conclusions

The interaction of different candidates for DM has been considered inside dense
stellar objects and possible indirect signals coming from them have been studied

m Medium effects (temperature and density) have been taken into account to cal-
culate the DM mean free path inside these objects, the local energy emissivity
due to DM annihilation into ¥’'s and the luminosity due to their annihilation into
photons through a metastable mediator

m [t has been demonstrated that the vacuum approach for the DM mean free path
does not work inside the NS core

m It has been obtained that there are DM candidates which provide a significant
variation of the net number of phonons in the NS outer crust, of the v emissivity
o in the NS core and of the luminosity of WDs

WDs. Luminosity and

constraints m Constraints have been set for some of the parameters of the models considered
by comparing the luminosity enhancement due to the DM annihilation in WDs
with experimental data of WD luminosities in the M4 GC
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De Broglie wavelenghts for DM boosted by NSs

B E, =ymy = 1.26my = |By| = \JE2 —m2 = \Jy? = Imy =~ 0.77m,

_ fi . 197.33MeVfm
B A== T 07w,

m De Broglie wavelenght 1 = 2z, provides information about the internal structure
that DM particles will see when colliding

my (GeV) | A (fm)
0.5 3.2204
0.8 2.0128
1 1.6102
WDs. Luminosity and 5 0.3220

constraints

m my, =500 MeV, 800 MeV, 1 GeV = A < Rnucleus, S€€S nuclear inner structure,
but not quark structure. m, = 5 GeV sees quark structure
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- ¢ — N differential cross section

i
P SATAMANCA

i) 3.5 357
M B - i EDEn O+ k—pf — k)L 4K

m As DM inside the star remains tiny at all times, % <2 10713, all

outgoing states are allowed, f,(w’) = 0
m my,/my =0.4,0.7,0.85 for n/ny,, =2,1,0.5

do =

WDs. Luminosity and
constraints
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x — N differential cross section per unit volume

1 _do  _
V dQdgy —

0 gy 2 ~ 2 _ 9
f diplipl  mnlk Ié(cos 0 — cos 60)O(B - |ﬁ7|2)|MN| NE)T = fn(E))

| 4Qm*E" 1q] ¥ 2
-1 4 \|E2w? — mPm3

—00 <o SW—My

lcosﬁ’—ﬁ - a2 and|cos Gyl < 1 = <
0 — 12l 90 2'"7\/ COS bp| S qo s 2’"7\/

(Ig1 + 2IpF1)

Secluded DM
annihilation inside

WDs. Luminosity and H g <w-— my,

m (] < 2/K]
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Luminosity and
constraints

Differential cross section per unit volume for T = 0

= T T T T =

E q=20 MeV E

- q=41 MeV -

2 q=207 MeV - >

= q=290 MeV - = 1.

2 ] L 1

= i = 08 4

g . g os

= — B

3 o 02 J

] . B 7

= I 1 1 L 2, I I 1 | L ! )

- 40 80 80 100 120 140 0 3 10 15 20 25 30 35 40
o (MeV) % (MeV)

FIG. 1. Differential cross section per unit volume as a function FIG. 2
of the energy transfer g, for values of |g| = 20, 41, 207, and
290 MeV. The DM particle mass is m, = 0.5 GeV, and
T=0atn=n;

Differential cross section per unit volume as a function
of the energy transfer g, for nucleon densities n = (0.5,
We set || =20 MeV and m, = 0.5 GeV at T =0

. 2)ng.
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MultiDark Differential cross section per unit volume at 7 # 0

VNiVERSiDAD

BB and mean free pathat 7 =0

o

g T2 —,— 1‘ T 1000
- | _T=5MeV { B
s> B[ T=10MeV ;
< 8| i _ 100
o E
= 4} \ i < )
g g e —
§ : 10 ¢ e
R > 1
= :
g 0 T 1 ;/\ I 1 1 1 1 1 1
20 -15 -10 5 0 5 10 15 20 0 50 100 150 200 250 300
qp (MeV) o-m, (MeV)
FIG. 4. Differential cross section per unit volume as a function FIG. 5. Dark matter mean free path as a function of kinetic
of the energy transfer g, at T =0, 5, 10 MeV for a nucleon energy for m, = 0.5, 1, and 5 GeVat T = 0 and n = n,. Dot-
memsm,emd density n = ny. We set \(H =20 MeV and m, = 0.5 GeV. dashed line shows that the simplified estimate yields a constant
constraints value 4, =1/g,yn~59 m, assuming current experimental

. 5 .
sensitivities g,y ~ 1074 cm?. See text for details.
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Maximum values for the differential cross section

per unit volume at 7 =0

mp|= "';A( (q 2‘(,7,12 )
m |7 < |prl = fv(E) = 1, 1P| > |pF|l = fv(E) = 0

B E =E+qo= P = J(E+qo) —m
m (1= fy(E)) = 1or || 2 [pil = Bl 2 p = \J(Er — q0)2 — m}?

m Area of fy(E)(1 — fy(E")) will reach its maximum value when |p_| = p
m If|p_| < p area |pr| —
m If || > p area |p}| - 5|

fu(E)(1 = fu(ED)

Secluded DM
annihilation inside
WDs. Luminosity and
constraints

p., ptilde (MeV)

4 0 10 20 30 40 50 60 70 80
do (MeV)
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Feynman amplitude for the y—N scalar-vector

interaction

B L=y, 8nXXNN

Mo = g%, (p'p + m) K k +m2) = 43 (E'E = Bp’ + m3)(w'w — kK +m2) =
4g/2Vl‘(E’E + m}Z\,)(w’w + m)z()
B L=y XV XNYN
M, [P = gy, [2mymy, — myk'k = mip'p + (p' K )Y(pk) + (p'K)(pk')] =

Y

8%, [2m}m? — m3 (ww' — K'K) - mX(E'E - p'p) + (E'wf — PR )(Ew — ) + (E'w -

PR(EW - pi)] ~ 8¢y Qm3m’ — mywew' — mlE'E + 2E' o' Ew)
‘WDs. Luminosity and
constraints [ |

IMyl? ~4gNS(E’E+mN)(w w+m )+8ng(2mNmX m,sza) sz'E+2E'w’Ew)+

SgngNvam)((E + E’)((x) + w,)
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Secluded DM
annihilation inside
WDs. Luminosity and
constraints

Feynman amplitudes for the yy — vv and
XX — aa annihilations

m Foryy —»w
88 $2

4 (s—m2)+ E;F2
5= (p1+p2)? = (p3 +pa)*, Eg = +igP + m and T the a decay width via
a—ff

m Foryy — aa

o
Myl =

4
— -8
|Maa|2 = TX (MTM;" + MUM;/ + Mmixing . )

mixing

_ (t—ma)z—m)z((m)z(-f—ng) _ (u—ma)z—m)z((m)z(+2mg)

* *
MTMT - (rfm)z()2 MUMU - (ufm)z()2
M, . ¥ _ (s—2m)2()(2m§—s)+2m)2((m)2(+2m‘21—2s) _ 2(1-m2) + 22m)2(—s
mxing s = Emixing (t-m2)(u-m?) (t-m2)(u-m3) (u-m3)
s =(p1+p2)* 1= (p1 —p3)* and u = 2m; + 2m;; — s — t Mandelstam
variables
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Photon energy flux outside th

The photon energy flux at a distance d from the WD center

240 Lo o O (g VO E ) i i (1 - e
ydE " dnd? ydE my

my, = 0.8 GeV, my = 0.1 GeV, oy = Ty, pe = 3.3 10° g/em®, d = 2R = 5.4 10° cm
Solid lines Tresr = 0.1's & Ap = 2.4 10'% cm > 2R
Dashed lines 7 = 0.8 s & Ap =2 10! cm > 2R

-7

— 1x10 T T
E o x_»gigii m

S 1x10° 3
=  1xi0 LA
‘Lg 1 ///
~ ¥ ——— |
Py 1x10
o

WDs. Luminosity and
constraints

2
Y

4and’E

| | | | | |
0.05 0.1 0.15 0.2 0.25 0.3 0.35
E, (GeV)
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