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Dark matter
has been
indirectly detected
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Coma cluster
Die Rotverschiebung von extragalaktischen Nebeln s =
von F. Zwicky.

(16. I1. 33.)

Inhaltsangabe. Diese Arbeit gibt eine Darstellung der wesentlichsten Merk-
male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-
selben gedient haben. Insbesondere wird die sog. Rotverschiebung extragalak-
tischer Nebel eingehend diskutiert. Verschiedene Theorien, welche zur Erklirung
dieses wichtigen Phiinomens aufgestellt worden sind, werden kurz besprochen.
Schliesslich wird angedeutet, inwiefern die Rotverschiebung fiir das- Studium
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.
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1- Apply the virial theorem to determine the total mass of the Coma Cluster
For an isolated self-gravitating system,

2K +U =0 1 {OR
/ \ aG
K=ty v=-2GF

2

2- Count the number of galaxies (L1000) and calculate the average mass

M > g X 10% gr = 4.5 X 10™° Mo




1- Apply the virial theorem to determine the total mass of the Coma Cluster
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2- Count the number of galaxies (L1000) and calculate the average mass

Inasmuch as we have introduced at every step of our argument in-
equalities which tend to depress the final value of the mass _#, the
foregoing value (36) should be considered as the lowest estimate for
the average mass of nebulae in the Coma cluster. This result is
somewhat unexpected, in view of the fact that the luminosity of an
average nebula is equal to that of about 8.5 X 107 suns. According
to (36), the conversion factor v from luminosity to mass for nebulae
in the Coma cluster would be of the order

Y = 500, (37)
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ABSTRACT

Spectra of sixty-seven H 11 regions from 3 to 24 kpe from the nucleus of M31 have been obtained with
the DTM image-tube spectrograph at a dispersion of 135 A mm~!, Radial velocities, principally from
Ha, have been determined with an accuracy of £ 10 km sec™ for most regions. Rotational velocities
havé been calculated under the assumption of circular motions only.

For the region interior to 3 kpc where no emission regions have been identified, a narrow [N 11] M6583
emission line is observed. Velocities from this line indicate a rapid rotation in the nucleus, rising to a
ma.xil%mm circular velocity of ¥ = 225 km sec™! at R = 400 pc, and falling to a deep minimum near
R = 2 kpc.

Frompthe rotation curve for R < 24 kpc, the following disk model of M31 results. There is a dense,
rapidly rotating nucleus of mass M = (6 + 1) X 10° M ©. Near R = 2 kpc, the density is very low and
the rotational motions are very small. In the region from 500 to 1.4 kpc (most notably on the southeast
minor axis), gas is observed leaving the nucleus, Beyond R = 4 kpc the total mass of the galaxy increases
approximately linearly to R = 14 kpc, and more slowly thereafter. The total mass to R = 24 kpc is
M = (185 + 0.1) X 10" M©; one-half of it is located in the disk interior to R = 9 kpc. In many
respects this mode] resembles the model of the disk of our Galaxy, Outside the nuclear region, there is
no evidence for noncircular motions,

The optical velocities, R > 3 kpe, agree with the 21-cm observations, although the maximum rota-
tional velocity, V = 270 = 10 km sec™!, is slightly higher than that obtained from 21-cm observations,



m

30

-

3 20 & [F4 -] & 0 & 8 iz 16 20 KPC 24
T

400 = + -1

[KM/SEC)

200} # ¢¢O+ *. o
+

> 100} 1
= )
o
-1
3 100 |
2 100}
g A 4
[=]
© 200 ¢ + .
L) t" ~‘+ ¢ 4
L] ; ]
B T ¢ _
- ' "
1 L ] L | 1 L 1 1 1 L L L
120 100 L:1i} &0 &0 20 o 20 L0 &0 8o oo 120

DISTANMCE TO CENTER  [MINMUTES OF ARC)

Fic. 3.—Rotational velocities for sixty-seven emission regions in M31, as a function of distance from
the center. Error bars indicate average error of rotational velocities.
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F1c. 9.—Rotational velocities for OB associations in M31, as a function of distance from the center.
Solid curve, adopted rotation curve based on the velocities shown in Fig. 4. For R < 12/, curve is fifth-
order polynomial; for R > 12, curve is fourth-order polynomial required to remain approximately flat
near R = 120/, Dashed curve near R = 10/ is a second rotation curve with higher inner minimum.
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ROTATIONAL PROPERTIES OF 21 S¢ GALAXIES WITH A LARGE RANGE OF
LUMINOSITIES AND RADII, FROM NGC 4605 (R = 4 kpe) TO
UGC 2885 (R = 122 kpe)

VEra C, Rupin,"? W, Kent Forp, Je..' anp NorRBERT THONNARD
Department of Terrestrial Magnetism, Carnegie Institution of Washington
Reveived 1979 October 11 accepred 1979 Novenher 29

ABSTRACT

For 21 Sc galaxies whose properties encompass o wide range of radil, masses, and luminosities,
we have obtained major axis spectra extending to the faint outer regions, and have deduced
rotation curves, The galaxies are of high inclination, so uncertainties in the angle of inclination to
the line ol sight and in the Pﬂsir.iﬂn angle of the major axis are minimized, Their radii range from 4
o122 kpe(H = 50 km s~ ' Mpe ™ ');in general, the rotation curves extend to 837, of R;.**. When
plotied on a linear scale with no scaling, the rotation curves for the smallest galaxies fall upon the
initial parts of the rotation curves for the larger galaxies, All curves show a fairly rapid velocity rise
to V'~ 125kms™" at R ~ 5kpe, and a slower rise thereafter. Most rotation curves are rising
slowly even at the farthest measured point. Neither high nor low luminosity Sc galaxies have
falling rotation curves. Sc galaxies of all luminosities must have significant mass located beyond
the optical image. A linear relation between log V.., and log R follows (rom the shape of the
commaon rotation curve for all S¢'s, and the tendency ol smaller galaxies, at any R, to have lower
velocities than the large galaxies at that R. The sigmificantly shallower slope discovered lor this
relation by Tully and Fisher is attributed to their use of galaxies of various Hubhle types and the
known correlation of V,,,, with Hubble type.

The galaxies with very large central velocity gradients tend to be large, of high luminosity, with
massive, dense nuclei. Often their nuclear specira show a strong stellar continuum in the red, with
emission lines of [N ] stronger than He. These galaxies also tend to be 13 ¢m radio continuum
SOUTCCS.

Because of the form of the rotation curves, small galaxies undergo many short-period, very
differential, rotations, Large galaxies undergo (in their outer parts) few, only slightly differential,
rotations. This suggesis a relation between morphology. rotational properties, and the van den
Bergh luminosity classification, which is discussed. UGC 2885, the largest Sc in the sample, has
undergone fewer than 10 rotations in its outer parts since the origin of the universe but has a
regular two-armed spiral pattern and no significant velocity asymmetries. This observation puts
constraints on models of galaxy formation and evolution,
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F1G. 6.—Superposition of all 21 Sc rotation curves. General form of rotation curves for small galaxies is similar to initial part of rotation
curve for large galaxies, except that small galaxies often have shallower nuclear velocity gradient and tend to cover the low velocity range within
the scatter at any R.

VIl DISCUSSION AND CONCLUSIONS

We have obtained spectra and determined rotation
curves to the faint outer limits of 21 Sc galaxies of high
inclination. The galaxies span a range in luminosity
from 3 x 107 to 2 x 10'' L, a range in mass from
10'% to 2 x 10'* M, and a range in radius from 4 to
122 kpe. In general, velocities are obtained over 837,
of the optical image (defined by 25 mag arcsec™?), a
greater distance than previously observed. The major
conclusions are intended to apply only to Sc galaxies.

1. Most galaxies exhibit rising rotational velocities
at the last measured velocity ; only for the very largest
galaxies are the rotation curves flat. Thus the smallest
Sc’s (i.e., lowest luminosity) exhibit the same lack of a
Keplerian velocity decrease at large R as do the high-
luminosity spirals. This form for the rotation curves
implies that the mass is not centrally condensed, but
that significant mass is located at large R. The integral
mass is increasing at least as fast as R. The mass is not
converging to a limiting mass at the edge of the optical
image. The conclusion s inescapable that non-

luminous matter exists bevond the optical galaxv



Inescapable?
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A MODIFICATION OF THE NEWTONIAN DYNAMICS AS A POSSIBLE
ALTERNATIVE TO THE HIDDEN MASS HY POTHESIS'

M. MILGROM
Department of Physics, The Weizmann Institute of Science, Rehovot, Israel; and
The Institute for Advanced Study
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ABSTRACT

I consider the possibility that there is not, in fact, much hidden mass in galaxies and galaxy
systems. If a certain modified version of the Newtonian dynamics is used to describe the motion of
bodies in a gravitational field (of a galaxy, say), the observational results are reproduced with no
need to assume hidden mass in appreciable quantities. Various characteristics of galaxies result with
no further assumptions.

In the basis of the modification is the assumption that in the limit of small acceleration a < a,,
the acceleration of a particle at distance r from a mass M satisfies approximately a?/a, = MGr?,
where a, 1s a constant of the dimensions of an acceleration.



I have considered the possibility that Newton’s sec-
ond law does not describe the motion of objects under
the conditions which prevail in galaxies and systems of
galaxies. In particular I allowed for the inertia term not
to be proportional to the acceleration of the object but
rather be a more general function of it. With some
simplifying assumptions I was led to the form

my(a/ag)a=F, (1)
p(x>1)=1, p(x <) =x,

replacing m a = F.
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“Adirect empiricalsprooit e the Encesoli da Erﬂz Matters
Clowe, et al. , ®Astrophys:d: LMJ _Z.OOQ.
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MACS J0025.4-1222: Abell 520




The cosmic triangle

Bahcall, Ostriker, Perlmutter, Steinhardt




Compare to the density of baryonic matte,
inferred from primordial nucleosynthesis

Baryon density Qgh?
0.01 0.02 0.03

J "_J""""""""?.’;‘:?':""L"
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Baryon-to-photon ratio v » 10-10

Fields, Sarkar






There is evidence for dark matter
in a wide range of distance scales

Solar Galaxies ?lus{cer; Observable
system Of galaxies Universe

.

ole Kpc Mpc Gpc distance



What do we know
about dark matter?



1) It is dark. No electric charge.

e If it has positive charge, it can form a bound state X*e~, an
“anomalously heavy hydrogen atom”.
e If 1t has negative charge, it can bind to nuclei, forming
“anomalously heavy 1sotopes”.

MSmith et al.
| | | |

Y .

Verkerk et al.

Hemmick et al.

[X]/nucleon
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2) It is not made of baryons.

Primordial . .
nucleosynthesis Cosmic Microwave
Baryon density G Background radiation

0005 0.02 0.03

LA R UV PO

?,/_:___ LA

————— {}, 30% higher
best ACDM fit

0 200 400 600 800 1000 1200 1400
Multipole moment

C 1 1 o
1 2 3 4 5 46 7 8B 910
Baryon-to-photon ratio 1) x 10-10

MACHOs (planets, brown dwarfs, etc) are excluded
as the dominant component of dark matter.



3) It was “slow” at the time of the formation of the
first structures.

ACDM - m = 350eVm =175 eV

z=3 |

z=2 |

z=1

Bode, Ostriker, Turok



4) It exists today.

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

NASA/WMAP Science Team




To summarize, observations indicate that the dark matter is
constituted by particles which have:

e No electric charge, no color.

e No baryon number.

e Low velocity at the time of structure formation.

e Lifetime longer than the age of the Universe.
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To summarize, observations indicate that the dark matter is
constituted by particles which have:

e No electric charge, no color.

e No baryon number.

e Low velocity at the time of structure formation.

e Lifetime longer than the age of the Universe.

]z
I II III

Three Generations of Matter



What do we know
about dark matter,

from the Parl:iclc Phgsics

Point of view??

(without prejuclice)



Citation: K. Nakamura et al. (Particle Data Group), JPG 37, 075021 {2010) (URL: http://pdg.Ibl.gov)

LIGHT UNFLAVORED MESONS
(S=C=B=0)

For I =1 (m, b, p, 3a): ud, (uT—dd)/+/2, dT;
for I=0(m o/, h W, w, o f, ) lum+ dd) + c(s3)

6Py =1-(0)

Mass m = 139.57018 + 0.00035 MeV ( 1. ]
Mean life 7 = (2.6033 =+ 0.0005) x 108 (S=1.2)
cr = 7.8045 m

xt — %y~ form factors [
F, = 0.0254 + 0.0017
Faq = 0.0119 + 0.0001
F,- slope parlja%%‘[er a=0.10 = 0.06
+
R =0.05910-00
7 modes are charge conjugates of the modes below.

For decay limits to particles which are not established, s=e the section on
Searches for Axions and Other Very Light Bosons.

=+ DECAY MODES Fraction ([;/T) Confidence level {h‘l:"u"c]
phyy, [b] (90.08770-0.00004) % 0

P,y [c] (200 #4035 )x10~4 0
etu, [b] ( 1230 +0.004 )x10~4% 70

et . ] (739 4005 )x10f 70
ety md ( 1.036 +0.006 )x 1078 4
etv.ete™ (32 405 )x1079 70

et v < 5 x 1079 00% 70

DARK MATTER

J= 7
Mass m= ?
Mean life r = ?
p
DECAY MODES Fraction (;/T) Confidence level [MeV/c)
? ? ? ?



etection

DM nucleus — DM nucleus

letection searches

DM DM - yX, e*e-... (annihilation) pp -~ DM X
DM - yX, e*X... (decay)



Direct detection
DM nucleus — DM nucleus

ection

DM DM - yX, e*e-... (annihilation) pp -~ DM X
DM - yX, e*X... (decay)
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Present status:
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DM nucleus — DM nucleus

Collider
searches

pp - DM X

detection
DM DM - y X, e*e ... (annihilation)
DM - yX, e*X... (decay)
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DM DM _ yX, e*e-... (annihilation)
DM - yX, e*X... (decay)
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Decaying dark matter?

No matter particle is guaranteed to be stable

particle Lifetime Decay channel Theoretical justification
: Accidental
proton |71>8.2x10% years| p-e*n° Baryon number conservation symmetry
electron |7>4.6x10% years eE>YYV Electric charge conservation Local
neutrino | 7z10'* years VoYY Lorentz symmetry conservation || SY™mety
neutron | 7=885.7+0.8s | n »>p v, e |Isospin symmetry mildly broken.




Decaying dark matter?

No matter particle is guaranteed to be stable

particle Lifetime Decay channel Theoretical justification
. Accidental
proton |71>8.2x10% years| p-e*n® Baryon number conservation symmetry
electron | 7>4.6x10% years €YYV Electric charge conservation Local
neutrino | 7z10'* years Vo Yy Lorentz symmetry conservation || SY™Mety
neutron | 7=885.7+0.8s | n > pyv, e |Isospin symmetry mildly broken.
dark matter 210 years 27?7 ?2?77?

It 1s conceivable that the dark matter particle 1s long lived due to an
accidental symmetry of the renormalizable Lagrangian (as for the proton).

Higher dimensional operators may induce the dark matter decay (as for the proton).
For a dimension six operator suppressed by a large scale M,

TeV \° Mo \*
o~ 1 26
DM 07 (?TIDM ) ( 1015G€‘V)




Indirect dark watter searches

Production )  Antimatter

Propagation > of < Gamma-rays

Detection \Neutrinos



Antimatter



Production

J ) antileptons — hard e"
DM\ /
soft e*
\\ »  quarks — n.D
DM /t\'nnihilatm e
2 0 W= Hard & soft e
J rate o p D 0 W : Har
) antileptons — hard e’
J > » | quarks —> p.D
Deca
rate oc:yp\A ) 70 W= — Hard & soft e*

p, D



Density distribution of dark matter particles. Unknown

* Assume spherical symmetry.
» Radial distribution:

NFW, Isothermal, Moore
p(r) = i -
('r/'rc}n'( [1 + ('r/rc‘)ﬂ]{ﬁ_ﬂm

Halo model a 3 re (kpe)
Navarro. Frenk, White 1 3 20
2
3

[sothermal 3.5

Einasto
Moore 28

10}

Einasto

2 r\°
o-men 2((2) )

a = 0.17, ry = 20 kpc

Isothermal

0.1

0.01 0.1 1 10 100

* Normalized such that the local DM density is
P(r=8.5 kpc) = 0.38 GeV/cm?



The production is described by the source function

. (o)DM dN/T Ll s
“(r : —B
p*(7) T - Bs annihilation
QE,r) = 4
1 dN7/
= B deca
;U(-"_j MpMTDM 7 (fE ! y
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Propagation

A h=100 pc



i




Propagation

1-15 kpc



Propagation

L=1-15 kpc

0=~ KAV ]+ elo(T7) 1]~V [Vi(F) f] — 2h6() o f + QT )

S+ number density of antiparticles per unit kinetic energy

interstellar antimatter flux:
v

PH(T) = —f(T)

4




Propagation

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7

ot
Jo d—a";%nﬂ(ﬂvpfp(ﬁ T,)dT, spallation

Source term  Q(T,7) = { £0uomdN  dark matter annihilation

3
EmD M dT

p(r)  dN
e T dark matter decay




Propagation

T,7)f] =V - [Vo(7) ] = 2h8(2)T anm

C | o “E= Xy (Fop f,(7, T,) dT,,  spallation

0=~V KTV + elb

P’(Novipm N dark matter annihilation

:Zm]z} M dl

Source term Q(7,7) =

p(r)  dN
o dark matter decay




Propagation

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7

[ Lti=X (P op £ (7, T,) dT,,

0 —dT, spallation

P’(Novipm N dark matter annihilation

:Zm]z} M dl

Source term  Q(T.7) <

p(r)  dN
O ak dark matter decay




Propagation

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7

Jo dj‘&%nﬂ(ﬂvpfp(ﬁ T,)dT, spallation

P’(Novipm N dark matter annihilation

:Zm]z} M dl

Source term Q(7,7) =

p(r)  dN
o dark matter decay




Propagation

0= — [KTAV {4 (T 7] —vmm@(m .

Negligible for positrons.
For antiprotons,

Cann = (nu + 4%/ EHHE]D';;HUﬁ .

Annihilation term

661 (1 +0.0115 T7%™ — 0,948 T*5Y) mbarn, T < 15.5 GeV

7 (T) = { 36 T—°5 mbarn . T>155GeV. Tan Ne



Propagation

0= VKTV TR 1 V-V 1] | 205 P + QT

Convection term ° Due to the Milky Way galactic wind.
e |t drifts particles away from the Galactic disk.
e Difficult to model. Assume:

V.(7) = V, sign(2) &



Propagation

z

0=~ [KTAVI | BT A | T Va7 1]~ 205+ QT

* Due to inverse Compton scattering on the interstellar
radiation field (starlight, thermal radiation of dust, CMB),
synchrotron radiation and ionization.

» Negligible for antiprotons and antideuterons

* Can be modelled

Energy loss term



e Energy loss due to Inverse Compton scattering: e'y — e'y
050 Emax IC
v do™~ (E,, €
bics(Ee, T) :/ dE/ dE,(E, — ¢€) d(E )fISRF(E;’F)
0 € i \
Number density
of photons in ISRF

do'C(E, ) 3 .1 (q)?
0 (Ee ) oT « [2qlrlq—b—1—b—q—2qz—b——(q ) (l—q)]

dE, 477 € 21+ 4l 2 Uu.a;t radiati;m
z CMB , Starlight
Y.= E./m, — Lorentz factor. i ISRF
=4y, e/, : A
q=E,/T'(E.~E)) o 0001 001 o1 1 10
07=0.67 barn — Compton scattering cross section energy [eV]

in the Thomson limit. Porter et al.

e Energy loss due to synchrotron radiation:

4 B?
bsyne(Fe, ) = 50’1”}’3? B = 6uGexp(—|z|/5kpe — r/20kpc)




Lavalle et al. _
positron

Characteristic diffusion length (for L = 4 kpc) ! ’
_______ anti-proton [E__ =1 TeV] s
— positron [E_=1TeV] I

_______ positron [ES =05TeV]

)

Ay ! L

_____________ positron [ES =0.25 TeV] o

antiproton

[
1 ] 1 IIIIII|: ] ] IIIIII| ] ] IIIIII| ] 1 1 11114
'Il]'_4 2 0"

10 10 10 + .
[EDIEsfnre Jor[E/E__ forp]

Figure 2: Propagation scales for positrons and antiprotons
as functions of energy. For the former, the energy reported
on the x axis is E4/Es, that is the detected energy divided
by the injected energy (positrons loose energy), and for the
latter, this is merely E/Emax. Scales are normalized to L = 4
kpc, the vertical half-height of the diffusion zone.



df ad
0=% AV [K(T,)V 1] 5 BT, f] ~ V- [Vo(7) 1]~ 26()Caanf +QUT, 7).

* Due to the tangled magnetic field of the Galaxy.
e Difficult to model. Assume

Diffusion term

K(T) = Ko B R®



L [kpc]

Zhg(z)rannf T Q(-T Fp) -

K(T)=K, 3R’ V.(7) = V. sign(z) k

K, o,V (as well as L) must be determined with measurements
of other cosmic ray species (mainly B/C ratio). — Degeneracies

Iser-x2 contours for B/C ( ng. 40)

15 F ! 15 E 5=0.85
= E = 4L
14 E 14 RS
135 13 & ;
122_ 8=046 122_ 12k
"ME 1 E :
o= 10 & :
43 9 of
8 E 5 F 5
TE 0.6 7E h =05
B z— 53 z— |I 8
4 F 4 F
35_0' < £ o Ji 2046
£0.85 Nz I
9 —_0- 0.5 3B k II Is 2 . ; 2
= = so-y” contours for B/C (y < 40)
1:— [N B A 150- |||||||| [IRERERREE ||L L . . o
0.002 0.004 0,006 0.008B 0.002 0.003 0.004 0.005 1(:0 420 440 480 480 500 ?r 540 560 580
K, /L [kpe My f(8) x K, /L [kpe My#] Vo liem 571/ K5 fipe Myr ™)
Model | 6 K,(kpc?/Myr) L (kpc) V,(km/s)| Maurin, Donato, Taillet, Salati
MIN | 0.85 0.0016 1 13.5 2001
MED | 0.70 0.0112 4 12
MAX | 0.46 0.0765 15 5
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Propagation inside the Solar System

In the “force field approximation”,the flux
at the top of the atmosphere (TOA)
is related to the interstellar flux (IS) by

E?
OO (EBroa) = ETOA oL (Fig)
IS

Eis = Evoa + OF

,

solar modulation parameter
¢,=500 MV - 1.3 GV




=

Cosmic ray proton spectrum as measured

by BESS, AMS-01 and PAMELA

Galprop unmodulzted local interstellar spectrum
Galprop modulated BES5S 93
Galprop modulated BESS 97
Galprop modulated AM5-01:
Galprop modulated EES5 98:
Galprop modulated BESS 99
Galprop modulated BESS 0
Galprop modulated BESS 02
Galprop modulated BESS 04:

m 3T MY
rm EEL MY
D= 5L MY
m LET MY
= 571 MY
D= 1 2EE WY
1T WY
B GES MY

Galprop modulated PAMELS 0E0F: o= 320 MY

power bew it -2 T4 4 003

p BESS 03
p BESS 07
p AMS01 08
p BESS 08
p BESS 00
p BESS 00
p BES5 02

w O % 4 ¢ BO W8 <

p BESS-polar 2004
p PAMELA OB/O7

107!

1

10

10°
Ekil‘l .Illr GE‘V

Gast, Schael '09



Experimental results: antiprotons

‘710_1:|III | IIIIII| | T T TTTl | T T TTTI =
'E' E E E T 1 | I T TTTI 1 I T TTTI 1 1 I T TTT1 1
B . [=3 [L
] B - -3
-, | | 107 —
= - =
102 = - .
% - = - 4
S F | - ]
§ Xy = - TH L e i 7]
= -3 — 0 00| g I
=10°E - otk _
E E E — -
A i - g
o )
-_':1 0_4 | ¥ AMS (M. Aguilar et al.) ] — -
g = " BESS-polarl4 (K. Abe et al.) 3 - -
- v BESS1999 (Y. Asacka et al.) - ®  BESS 2000 (Y. Asaoka st al)
B ] p . a
S &  BESS2000 (Y. Asaoka et al.) - 10 BESS 1399 (Y- Asaoka etal) =
BESS. ar 2004 (K. Aba af al —
10-5 - O  CAPRICE1998 (M. Boezio et al.) — ‘ ¥ I ' .
- = ) CAPRICE 1554 (M. Soszlo &t al) ]
- A CAPRICE1994 (M. Boezio et al.) E O CAPRICE 1558 (M. Boszio st 1) i
B L PAMELA N e E HEAT-phar 2000 (4. 5. Baach st al) ]
i 1 B ’ . PAMELA
10—5 IIII|1 | IIIIII| | | IIIIII| | | IIIIII|:2 | 10_(; ||||| | | ||||||| | ||||||| | | ||||||| |
10° 1 10 10 10" 1 10 102
kinetic energy [GeV] kinetic energy [GeV]
PAMELA collaboration
arXiv:1007.0821

Fairly good agreement between the measurements and
the theoretical predictions from spallation.
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Annihilating dark matter: Lightest SUSY particle

x1072¢ cm3s~!
DM model|| m |[(ganav)| tE | bb| cE |35 | vt |dd|ZZ (W W~ |HH| gg

LSP1.0 1.0 0.46 -1-1-1-1-1-1- 100 - |-
LSP1.7 1.7 102 - 1-1-1-1-1-1201| 79.9 - |-

T. Hringmann & P. Salali (2008) T. Bringmann & P. Salali (2008)
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Annihilating dark matter: Lightest KK particle

x10726 cm3s1

cé |ss|uu |dd|ZZ |(WTW—|HH| gg

DM model|| m | {(annv)

E-

LKP1.0 1.0 1.60 11.110.7|11.1]0.7{ 0.5 1.0 0.5 0.5
LKP1.7 1.7 0.55 11.110.7)11.1]0.7] 0.5 0.9 0.5 10.5
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Annihilating dark matter: Sensitivity to the halo profile

A. Barrnus el al,
T T T TTTH
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Antiproton flux [GeV' m? s &)

Antiproton flux [GeV ' m? s )
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Decaying dark matter: - We
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Decaying dark matter: Sensitivity to the halo profile

Antiproton flux [f3+z—::w"1 m?s’ Sr'1]
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