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COSMIC-RAY PROPAGATION

e After escaping the source, CRs travel into interstellar space

As they propagate through the galaxy, they experience energy losses and
changes in trajectory because of interactions with the interstellar medium and

magnetic fields
At the Earth, they are (mainly) isotropically distributed

e How well do we understand propagation? We infer a lot of information
through the products of the interaction of the primary CRs (accelerated at the
source and measured locally) as they propagate in interstellar space: secondary

nuclei , anti-particles, gamma rays, synchrotron radiation
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DIFFUSION

The iIsotropy of CRs and abundance of secondary CRs (i.e. nuclei accelerated at the

®
source like p, C, Fe,... vs nuclei produced by spallation in the interstellar gas, like
B, Be, ...) indicates that CRs must travel diffusively through the Galaxy
= Galactic magnetic fields are critical for this process
& I
* The measured boron to carbon ratio (B/C) determines the ¢grammage X, which is
related to the amount of material traversed and the escape time 7
aensity X lhiCkﬂeSS ] lT - Boron-to-Carbon ratio compared with previous data
A noo1mealn gas density
X(E) = npvTese(FE) 5 y W,
) bt mean gas mass PN ‘
: PR O : 2 . . AMS.02
X(l(} (I(J‘/ /.’j) ~ 1_(]([/(']:') b I);”'li(-l(\ ."\!N'I‘tl Y, 10% of total expected dato
. [
, Plgi
Thic ol ‘ o g
® This yields escape times much larger (~100 8
- q L]
Myr) than determined by propagation in S t,
L]

straight lines (~10-100 kyr)

10
Kinetic Energy (GeV/n)

= (CRs diffuse through the Galaxy
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CosMIC-RAY PROPAGATION

B/C also indicates that the grammage decreases as a function of the energy
(more precisely rigidity R=pc/Ze). At high energy:

X(R) ~R™®5=03-06

The spectrum of CRs measu red at Earth Boronto-Carben ratlo compared wih provious data

includes propagation affects :T % Plag,
|
N(E)x E~¢ a=7+0 e

i

y = index of CR spectrum at the source
& = slope of diffusion coefficient energy
dependence

i

) 1’
Kinotic Energy (GeVin)

i.e. steeper than spectrum at the source!
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COSMIC-RAY PROPAGATION

B/C also indicates that the grammage decreases as a function of the energy

®
(more precisely rigidity R=pc/Ze). At high energy:
X(R) ~R™° 5-03-06
< 0=0.3-0.6
L4 [.]]{‘ HI){‘\ [['LI]]] UI ( RH I]]('ilstll't‘d at }I(]['[]] g Boron-to-Carbon ratio compared with previous data
includes propagation effects Lk
.
. .y S b
Yk * 10% of total expected dato
AT — s 3 — €Y - - [}
‘\(h)Xh (}'—’}"f‘() o ’o‘:
S
c: L]
: e Q i
v = index of CR spectrum at the source < o1 i 5
.

O = slope of diffusion coefficient energy

dependence

10
Kinetic Energy (GeV/n)

. . b2 i |
1. DLECPCE cdll SPCCl L1111 ¢ e S 1CC.
1 { }7 | Hl"l }" rum at th urce
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COSMIC-RAY PROPAGATION

* More complete formulation for CR propagation in the galaxy:
source term
(includes primary source+spallation and decay)

+§ . (D, V¢ — Vy) §™
'. | wuwwtfﬂmmu 1.‘1!:;|1n'|1taiim

density of CRs

tial diffusion coefficient

o o 0 1 8. p,= - } Jé 1
+ g H[) —— U — . .’UI) = = V i V ()] —"U')
11'—.1\u.'.1v1‘1limi | |

radioactive decay

Halo, height 5-10kpc Leaky box: assume some escape of CRs into
intergalactic space, characterized by the escape time 7.

Steady-state: assume di/dt=0

From CR data: D., ~ (3 —5) x 10*%cm* /s

Source, ~10Qpc
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COSMIC-RAY PROPAGATION

* More complete formulation for CR propagation in the galaxy:

. - source term
density of CRs
(includes primary source+sp: 1|Illlun and decay)

" (1)”\7@,— V) §

ﬂm-akm TI'LE:"lllﬁ‘I]t\’!llli1]}

yatial diffusion coefficient

L, 0 1 0 R { 1
+ —_— 2]) e "/ == 7 .C) pu— V ’ V () ( 'iw'
dpp ppdpp‘ZL p P 3( )} | Y |

re-acceleration

radioactive decay

Leaky box: assume some escape of CRs into
intergalactic space, characterized by the escape time 7.

Steady-state: assume di/dt=0

From CR data: D., ~ (3 —5) x 10*°cm? /s

Source, ~100pc
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+* Very complex picture!

‘% We know a lot about these processes but many uncertainties
still plague our understanding of cosmic ray production,
propagation...

% ... which translate into large uncertainties in the background
for DM indirect detection!

[l get back to these issues whe_gﬂdﬂiscussingﬂl&lﬁlgeamh

et SN M
— .
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ZWICKY AND THE COMA CLUSTER

_) The existence of dark matter was postulated by Zwicky in the 1930's to explain the
dynamics of galaxies in the Coma galaxy cluster.
o (Clusters of galaxies are the largest gravitationally

They contain ~10s to 1000s of galaxies.)
y first inferred the total mass of the cluster by measuring th

bound system known in the Universe.

o Zwick & velocities of its
galaxies

Coma .

-
Iage-cradhts HASA ESA, Hubbls Herrs [TSVAURA)
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ZWICKY AND THE CoOMA CLUSTER

) For syst ' ilibri ‘
her ::frfc::'ns in dynamical equilibrium and held together by gravity, the virial theorem

1 2
-érn.(?rcr‘)

Cﬁ'fwt (r) m  [Velocities ~ 1000 km/s
y—

SN R ~ Mpcs
ol 4 Distance ~100 Mpe

2<T> = — <V) (1 pe = 3.26 light yrs)

By measuring the velocity (dispersion) of the galaxies in the Coma cluster, Zwicky could
infer its total mass.

) However, the luminous mass (the galaxies in the cluster) was far smalleL—_

F Zwicky, Astrophysical Journal, vol. 86, p217 (1937)
> 9 X 100 (13

The Coma cluster contains about one thousand netulae. The aver:
apge mass of one of these nebulae is therelore

T > g % 109 g1 = 4.5 % 12" Mo« (36)

the svernge mass of nebulue in the Coma cluster. This result §s
somewhat 'Ilnﬂpﬂ'lx.‘(l, in view of the inct thatt the luminosity of an

| average nehula s equal 1o (hat of about 8.5 X 107 suns. According
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ZWICKY AND THE COMA CLUSTER

) For syst ' ilibri '
e :::c::'ns in dynamical equilibrium and held together by gravity, the virial theorem

= 2 y r)m |V =
2m(30 )\* i C 1ot (T)m R"'-“ﬁé‘,lii 1000 ks
7 Distance ~100 Mpc

2<T> — — (V) (I pe = 326 light yrs)

_ By measuring the velocity (dispersion) of the galaxies In the Coma cluster, Zwicky could

infer its total mass.
_ However, the luminous mass (the galaxies in the cluster) was far smaller

EZwi:ky.Astrophyslc:ﬂ Journal, vol B6,p217 (1937)
> o X 10%gr. (3%

The Coma cluster contains about one thousand nebmlae. The aver:
ajge mass of one of these nebulac is therelore

T > o % 1ot gr = 4.5 X 10" MO (30)

the averge mass of nebulue in the Coma cluster. This result [
somewhat unexpected, in view of the fact that the luminosity of an
| average nehula ds equal 1o that of about 8.5 X 107 SUns. According
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ROTATION CURVES OF GALAXIES

. Departures from the predictions of newtonian gravity became apparent
also at galactic scales with the measurement of rotation curves of galaxies
(Rubin et al, 1970)

vikmis)

NCE TO CIUNTEPR (ARG MINU ' ES

10

Rikpc)

M33 Rotation Curve
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ROTATION CURVES OF GALAXIES

. Departures from the predictions of newtonian gravity became apparent
also at galactic scales with the measurement of rotation curves of galaxies
(Rubin et al, 1970)

vikmis) |

NCE TO CNTER (ARG MINU £
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M33 Rotation Curve
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ROTATION CURVES OF GALAXIES

. _ . e e -
. From newtonian dynamics: Date,_____, orxtmnizgd]
mu? mM ol
e ye &
-1/2 .
l (I) 22 : NGC 2403
( -I“l-u‘
tad [kpe]

Corbelli et al (2009)

300
! ¢.liolll..‘....'l\:l.%.l..,.......:
“ 200 JERES:
I Stellar disk
_ 100 Stellar bulge -
as
# 0 10 20 30
R [kpe]
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ROTATION CURVES OF GALAXIES

Data . ,rit=sdddieziyl
From newtonian dynamics: Total ft
— 100 ol
. :
muv* .mM :
i = = G—; .
r P
(Y oo 1/2 [/ NGC 2403
v(r) o<1 Ebwal
0 5 10 16
For constant v: Radius [kpe]
f g f o r [ =
M(r) o<1 f"(’ ) X T Corbelli et al (2009)
Mass density not as steeply falling as star e ; M3
density (exponential)! = v tpgssaad 101
“ 200 j Dark matter
"™ By adding extended dark matter halo 2 | Stellar disk
get good fit to the data. = 100 TR
otellar bulge ‘
Similar exercise for the Milky Way yields Ny B g " T ——
local DM density: 0 10 20 30

R [kpe]

P(8.5 kpc)~0.2-0.5 GeV/cm? (direct detection)
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GALAXY CLUSTERS

. X-ray emitted by very hot intracluster gas (107-108K) through bremsstrahlung.

. Gas mass and total mass in galaxy clusters measured by X-ray (assuming thermal
equilibrium), lensing
. Mass determination consistent with clusters being dark matter dominated

Galaxy cluster:
~1-2% stars, ~5-15% gas, remaining is dark matter

Coma galaxy cluster

[ Girardi et al (1998)

15 Lp)
<& ' I
= f .
w
] 4 .

- 14 .
- d;"o
=7} § . "

1 . ¢

M)
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GALAXY CLUSTERS

. X-ray emitted by very hot intracluster gas (107-108K) through bremsstrahlung.

. Gas mass and total mass in galaxy clusters measured by X-ray (assuming thermal
equilibrium), lensing
. Mass determination consistent with clusters being dark matter dominated

Galaxy cluster:
~1-2% stars, ~5-15% gas, remaining is dark matter

Coma galaxy cluster

[ Girardi et al (1998)

- 15 Lp)
< ' o o5
= f .

o
] Py .
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=7} § - -'
1 o/ *
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GRAVITATIONAL LENSING

_ Image distortion caused by intervening gravitational potential

 Sensitive to total mass

Y — ' &
Galaxy clustar Abel] 221 g st

-
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GRAVITATIONAL LENSING

 Image distortion caused by intervening gravitational potential

 Sensitive to total mass

 From general relativity:

4GM

a=—
=€
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C= S nR) G5
2| \'-S = lC‘-lEJ'

GRAVITATIONAL LENSING
}‘.ih)

 Image distortion caused by intervening gravitational potential

 Sensitive to total mass

) From general relativity:
Lens mass

Deflection 4Gl\-i/

=
€

Impact parameter

(«'lG'M Dk )”2
e

c2 Dst

gin(a) = tan(@) = @

. Image separation proportional to sqrt(M)
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GRAVITATIONAL LENSING

 Image distortion caused by intervening gravitational potential
_ Sensitive to total mass

 From general relativity:
Lens mass

Deflection 4G.M‘f/

e %

N
Impact parameter

_ (4GM Dus )”3
Zh (% D(le

gin(@) = tan (i) = @

92
6—B=5
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L= SR G5
GRAVITATIONAL LENSING L= 2lek;

\

) Strong (large mass densities; multiple images, ]| B R R A })

rings, ..), weak (smaller mass densities; '

distortion observed with statistical approach)|
microlensing

(46‘1\1 D)y )”3
e = (|

.y

¢ DaDs
M ~ 10'5 Mo, D ~ Gpc = O ~ 100 arcsec
M ~ Mo, D ~ kpc = © ~ 10 arcsec

Strong lefising © N % -

¢ - -
’ - . 3

: . _.'\ ‘

y “ N

* i@ - ) -'
‘_" - : 5 -

~ »

- - .
- -
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GRAVITATIONAL LENSING

 Strong (large mass densities; multiple images,
rings, ..). weak (smaller mass densities; _
distortion observed with statistical approach)(
microlensing

O = 4GM Dys )1/2
A = ¢ DyDs

M ~ 10'S Mo, D ~ Gpc = O ~ 100 arcsec
M ~ Mo, D ~ kpc = 6 ~ 10 arcsec

Strong lefising © iy % -

L _."\ B
¢ o L
i@ - 4 .
\ - - : -

R ;

~ .

- - .
- -
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EEENGIRTS
GRAVITATIONAL LENSING L= 2lek;

\
_ Strong (large mass densities; multiple images, [l SR e })
rings, ..), weak (smaller mass densities;
distortion observed with statistical approach)(
microlensing

(-’IG‘M IDper )”2
(= —

.

¢ DuDs
M ~ 10'5 Mo, D ~ Gpc = O ~ 100 arcsec
M ~ Mo, D ~ kpc = 6 ~ 10~ arcsec

Strong lefising © U\ $ -

" _.\ oy
| b N ;
- - '
: -
1 .

.

.l
-

~—

" o
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GRAVITATIONAL LENSING

_ Strong (large mass densities; multiple images, Weak lensing*  ||- Leel -3
rings, ..). weak (smaller mass densities; R ekl 1
distortion observed with statistical approach)(
microlensing

o _ (AGM Dus )1/2
Ehs ¢ DyDs

M ~ 10'5 Mo, D ~ Gpc = O ~ 100 arcsec Gravitational Microlensing
M ~ Mo, D ~ kpc = © ~ 107 arcsec

f
.

* Planot
Lens
® Siar

Strong lerising ~ . . B

-

‘ - . ot
. -

Ol

"-_‘: 3 ]

Y t“ e N -
e ¥ - d .
\ . : -
i .

~

e !
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CoOsMIC SUPERCOLLIDERS

 Systems where the presence of dark matter can be inferred and it is not
positionally coincident with ordinary matter strongly endorse the dark matter

hypothesis

@) Galaxylcluster mergers |E0657-558 SBullct, aluseer” .
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COSMIC SUPERCOLLIDERS

_ Systems where the presence of dark matter can be inferred and it is not

positionally coincident with ordinary matter strongly endorse the dark matter
hypothesis

) Galaxy cluster mergers

|E06‘5.7-.5jss:’Bui'ré;_duste'g' %3
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COSMIC SUPERCOLLIDERS

Weak lensing Weak and strong lensing

Clowe et al 2006 Bradac et al 2006

|E0657-558 “Bullet cluster, 4>
i \ [D r\———’

Total mass

J
p—,

DM
(*) Constraints on the self-interaction cross section: \
0/m<1.3 barn/GeV  (Randall et al 2008)

Page 30/55



MORE COSMIC SUPERCOLLIDERS

Mahdavi et al 2007

"A 520 “Train wreck
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L)z Sp(R) G

GALAXY CLUSTERS Ld- 2l
5

) Gas mass and total mass in galaxy clusters measured by X-ray, lensing

) Assume the matter content in galaxy clusters is representative of the Universe
= constrain the Universe total matter density!

o
[ pRSO7As<191 ~
+ Aball 2390
[ Abell 1835
= | M52137-2353
b RX 1347 | 145

__Allen et aI,_Z_O_O%

Constrain matter density: [ Im;“*r‘"w‘i‘ﬁ;
On (Qe pulpo - Qa/fpas)~0.3 [ RS Ly

yob
‘I‘
Al

p

—_— —

Pe
pe: Critical energy density of the Universe (flat)
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GALAXY CLUSTERS

) Gas mass and total mass in galaxy clusters measured by X-ray, lensing

) Assume the matter content in galaxy clusters is representative of the Universe
= constrain the Universe total matter density!

w i _Allen et al, 2002
2 X 1 1 I ]
- Aball 2390
[ Abell 1835

=~ [ Ms2137-2353
b ORX]1347- 1 145
[ 36295

0 -.u'.u¢

Constrain matter density: 3~ T
Qm (Qs prlps~ Qp/fgas)~0.3 W

Q=L
Pe

pe: Critical energy density of the Universe (flat)
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BIG BANG NUCLEOSYNTHESIS

. As the Universe cools down (~100s sec Baryon density Q2
PDG 2009, .. ;
¢ . 0.00: 0.01 0.02 0.0:
after Big Bang, ~ MeV), light elements form 2 ¢+ e '
(deuterium, helium, lithium). E.g.: 026 [ He
028 | ——
p+n— D44 e —
] / ’ip“ 34 /1/
_ (Much longer timescales for heavier 02 | ‘_//"/
elements to form, e.g. C,N, O) 10-3 o
\n_-u[p %
Constrains baryon density: Qgp~few % - Z
SZ - ﬁ P--’-”c-““i;: e = -.\
/)(' 0 N ——
Pe: Critical energy density of the Universe (flat) 10-9 | ' T NS A
= Most matter in the Universe is non- ) E
baryonic -ty
.~ Remarkable agreement with CMB e |
estimate of baryon density (more next) w : 3 4 S 6.7 8910

Baryon-to-photon ratio n x 101°

Pirsa: 15070041 Page 34/55



CosMIC MICROWAVE BACKGROUND

Relic of a time in the early Universe when matter and radiation decoupled
(protons and electron form neutral hydrogen and become transparent to photons,
~100,000s years after Big Bang, ~ eV)

Universe was isotropic and homogeneous at large scales

Very small temperature fluctuations, too small to evolve into structure observed

today T=2725K mw» Require additional matter to start forming structure

AT ~ 200 pK earlier (decoupled from baryons and radiation, neutral)
Power spectrum of matter fluctuations

— Ar‘_—-__“'“*-—._,,_ i e ! 3
T 7 T b + Observed (SDSS), « +'
N g ; . v L ey R L E 3 0.1 i . B
i 5N o g : pq |
£ 5 \\_ :5_ | : f‘. f |
:. . q::'_ ‘\..‘ i" E()Ul | | ).”>‘(J|’-\ t)[:)’
& S Y -
N e o b -:I‘I: O F ;
-2 . : i %4 0.001 }
xr 14
e A _L__ . _-_7_-_'_’.-*"'- 0.0001 ! 1 L - T Allls )
0.01larger scales 0.1 smaller scales
| .
, —— Dodelson et al 2006 k (h Mpc-)
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CosMIC MICROWAVE BACKGROUND

_ The CMB angular power spectrum depends on several parameters, including
Qg Qm, Qn (Qais the vacuum density)

Matching location and heights of the peaks constrains these parameters and

geometry of the Universe (flat, Qwowmi=1) (8) Curvature (b) Dark Energy
? A
Ll

o ik
. (c) Baryons Tommer A ]

: |y :'I 'l

r ) r / ’

= — %

N h -

Hu et al (2002)
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CDM

. CDM (Cold Dark Matter), i.e. non relativistic, consistent with observations

. Hot dark matter excluded (smooths out structure)

c DM' Via Lactea |l (Diemand et al. 2008)
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CDM

. CDM (Cold Dark Matter), i.e. non relativistic, consistent with observations

. Hot dark matter excluded (smooths out structure)

. Self-interactions would also smooth out dense DM regions, though wouldn't
significantly affect large scale structure; consistent with observation

.[I.'argcss:a.le ; DM\ /DM

DM DM

Rocha et al. 2012

Small scale CDM Small scale SIDM
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DARK MATTER DISTRIBUTION

Milky Way galaxy stellar disk: approx. 30 kpc diameter and 300 pc thick

edicted to extend far past the luminous matter
4710 kpo | ?

The dark matter halo is pr

Simulated MWV size dark matter h:n]p

Lo= snERYGES
i .’JI’.\[—B = 2 lC"l:j
| k)
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DARK MATTER DISTRIBUTION

Milky Way galaxy stellar disk: approx. 30 kpc diameter and 300 pc thick

The dark matter halo is predicted to extend far past the luminous matter
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DARK MATTER DISTRIBUTION

o Strong predictions from ACDM on how DM is distributed

_ ...but much is still unknown (affects DM indirect searches!), e.g:

» core-cusp profile

y» halo shape (spherical, prolate, oblate, triaxial, dark disk, ...)
»  substructure (missing satellites?)
Bertone et al., arXiv:0811.3744

Moom——

10° NFW

10°

Miliky Way:
Triaxial Dark Halo

2

Einasto, a = 0.17

=
>
&
-9
]
X

1

David Law
UCLA
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