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A Universe FuII of Galaxies and-
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Galaxies as far as the eye can see!
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Star formation
peaked 13 billion years ago, almost done
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The Dark Side of the Universe
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the "Standard Model.”
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1.7771 n mm ) Quarks Confined in Mesons and Baryons
Atom . One cannot isolate quarks and gluons; they are confined in color-neutral particles called
Size = 10°'%m hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
- - 'n them increases. This energy eventually is converted into addi
figure below). The quarks and antiquarks then combine into

Electric charges are given in units of the proton’s charge. It 2en to emerge. Two types of hadrons have been observed in
co o 10 o L aga.
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. Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
An electron and positron '—0 produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, M$S 50-308, Lawrence
A neutron decays to a proton, an electron, (antielectron) colliding at high energy can B particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720, For information on charts, text
and an antineutrino via a virtual (mediating) annihilate to produce BY and B° mesons one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see
W boson. This is neutron j decay. via a virtual Z boson or a virtual photon. structure of matter.
http://CPEPweb.org

not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.



s Cosmology

Today

e Sl |

Rests upon three myste

All implicate new physics!



Some key facts about the

Universe

Expanding (Hubble, 1929)
Accelerating (Riess, Perlmutter and Schmidt)

Isotropic and homogeneous (large scales today —
> 100 Mpc — anghat early times):"distribution-of
galaxies today. and CMB .

Hot big bang — quark SOm:fbegmnmg
Gravity driven structure formatlon

Much more than meets the
Precision parameters and c

cks
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Expansion Is
accelerating
due to dark
energy
(something

like quantum
vacuum
SNEI A

cosmological
constant
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Isotropy (same In all directions):
Galaxy Distribution on Sky
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Hubble Deep Field HST - WFPC2

PRC96-01a - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA

Hubble Deep Field South
PRC98-41a « STScl OPO * November 23, 1998

The HDF-S Team * NASA

" HST - WFPC2



1992 COBE

k AT = 3.353 mK
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The Universe circa 380,000 yrs
WMAP

+0.001% Fluctuations
5






Curve = concordance cosmology

WMAP 7yr ¥
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Curve = concordance cosmology

WMAP7

SPT,
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CMB anisotropy
IS a non-trivial
map of density

Inhomogeneity to

temperature
fluctuations: -
Mapping
depends upon
cosmological
parameters
(good news!)

Multipole ¢



Today’s “Consensus Cosmology”
based upon precision measurements

* From quark soup to nuclei and atoms to
galaxies and large-scale structure

* Flat, accelerating Universe
« Atoms, exotic darl?atter & dark energy
 Consistent with inflation .

* Precision cosmological parameters
-0, =1.005 + 0.006 (uncurved') P

—Q,, = 0.273 + 0.014 y

_Q, = 0.046 + 0.0016 =

—Qpe =0.73£0.015 Consistent with all
—H, =70.4 £ 1.3 km/s/Mpc

—t, =13.75+0.11 Gyr

data, laboratory
N, = 3.86 + 0.42 and cosmological!




Tracing the history from a slightly lumpy
Universe to galaxies ablaze
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BBN Predictions
(95% cl)

* Deuterium: baryometer!

» He-4: go/no-go test @big

bang

* LI-7: consistency test;
stellar probe? -

« He-3: probe of chemical
evolution
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Precision Cosmology Indeed!

0.025

1000 1500 2000
Multipole Moment (/

CMB (first to second peak)
Q h2 =0.0225 £ 0.0006
VS.

BBN (Deuterium)

Q. h2=0.0213 £ 0.0013

h = Hy/100 km/s/Mpc ~0.7 | €3, = 0.045 % 0.002



 EXxpansion = Scaling up

» Single “Cosmic Scale Factor”
R(t) Summarizes Expansion

« R = 1today (convention)

ad




Cosmological Redshift

All physical distances get stretched with
cosmic scale factor, Ryyq,, = 1.0
» Wavelength of a photon (redshift z)

_.'_LJ
Loday

{ I
R — 1 h emit
emit

00 dz

 Momenta of particles too: p ~ 1/R
 Distance between galaxies

NB: but not the size of self-bound objects
(from atoms to stars to galaxies & clusters)



Redshifted Spectra
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Quasar = Quasi-Stellar Object (QSO)

(accreting black hole at center of galaxy)

HST’s 100,000th Obse;‘vation HST - WFPC2

PRC96-25 - ST Scl OPO - July 10, 1996 - C. Steidel (CalTech), NASA



UV light (1216 A)
from the early
Universe redshifted'to
near IR.

The Universe was ~7
times smaller!

High—z Quasars from SDSS

APO 3.5m telescope spectra

6000

7000 8000
wavelength (&)

9000




Z = 6.43 Quasap
When the light was erriitg

LyB+OVI

Lyman Limit

8000

wavelength (&)

Ol+Sill



Quasar Redshift Record Holder: z = 7.085

Spectrum of ULAS J1120+0641 and a composite
spectrum derived from lower redshift quasars.

T L T L) 1 e 1 e 1 & 1 Y T Y I 4 1
Follow-up photometry of ULAS J1120+0641:
F~—(O1+O4)x1017Wm'2um IA 225
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DJ Mortlock et al. Nature 474, 616-619 (2011)
doi:10.1038/nature10159 nature



Galaxy record holder:
Z = 8.6!

Ly at z = B.555

Flux (107 arg cm=2 s=1 4-1)

117 118 119 1:
Obsarved wavelangth (um)

0 15
Spectral offsat (A)




Redshift: it's important!

 Direct measure of the size of the Universe when
the photons were emitted: R = 1/(1 + z)

y

. Time coordinate™Univetse at redshift z.= the
Universe when-a photon emltted then, today has
a wavelength-larger by 1° + Zz

1+z= 1/R

dz = -dR/R? = -dt(dR/dt)/P.Hz)H(z)




Friedmann Equations

Matter tells space how to bend
(“flat”, Euclidean Universe)

8nGp

* H = expansion rate (“Hut‘)bTe constant”)

* Total energy density p and pressure p
 Solutions:

p < 1/R"
R o« t" H x (2/n)/t t=(2/n)H "

R o« exp(Ht) H o const forn =20



WO DIMENSIONAL ANRLOGYES

CVRVES BACK ON
ITSELF (like tee
SVrfue of a bal)lx

HIGH DENSITY of
MATTER /ENE L

VUNCVNVED

Our Universe ’ ]
CINITICAL DENSI

CUNVED LIKE

SADDLE
Low DENSITY



Cosmological Parameters

= 100hkm/s/Mpc = h/9.78 Gyr NB: h?2 = 0.5
~ TOkm/s/Mpc ~ 1/14Gyr 1/1.3 x 10*® cm

ZQ

pcrltlcal

_ 0
— (1 + 3w)

2.725 + 0.001 K n, = 410cm™°
2.47Th™? x 107° 5x 107
4.15h% x 107° 8.3 x 1077




Today’s “Consensus Cosmology”
based upon precision measurements

* From quark soup to nuclei and atoms to
galaxies and large-scale structure

* Flat, accelerating Universe
« Atoms, exotic darI?atter & dark energy
 Consistent with inflation .

* Precision cosmological parameters
-0, =1.005 + 0.006 (uncurved') -
—Q,, = 0.273 + 0.014 y
—QB = 0.046 + 0.0016
—Qpy: =0.73 £0.015
—H, =70.4 £ 1.3 km/s/Mpc
~t, =13.75+0.11 Gyr
—N, = 3.86 +0.42




Evolution of Matter/Energy

space tells matter how to move

“First Law”

for p = wp

Matter (w = 0): pox R3 R o $2/3
Radiation (w = 1/3): pox R R o t1/2
Vacuum Energy (w = —1): p o< const R < exp(Ht)




Three Epochs Dominated by

Different Forms of Energy

1. Rad dominated 2. Matter dominated S- Dark Energy

R ~ tY2thermal bath R ~ t?3 struc. forms

R <104 t<10%yrs [ t ~ 10%yrs — 1010yrs accelerated
expansion

t>100yrs

R~th

matter

Log [energy density (GeV4)]



Expand

density field ) GPOWS ( MATTER-DSMINATED EpPocty)
IN COMOving /V M‘i P aae. W . /,__\
e '

fourier +—pece w
components As & RE)
(which
contain fixed

amount of
matter) but
whose
physical
wavelength
grows with
time




During matter-
dominated era,
wave amplitudes
grow with time
(as the scale
factor), reach
unity and bound
structures form
and cease
expanding
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Structure Formation

 Gravit étlonal amplification
of small (féw parts in 105)
densny Inhomogeneities to
o .the'siru’ctme seen-today
durmgmatter dominated
7P '~ " onch ~6p/p a R(t)

/




“Jeans’ Equation”

On + 2H 6, — 471G ppdy = 0

— —
Solutions
1. H=20: &, a exp[(41TTGpy,)'1]
Classic Jeans’ Instability
2. H=2/3t (MD): 5, a t?3 a R(t)
3. H=1/2t (RD): o, a In(R)
4. H = const: o, a const (no growth)




A% THE E ARLY Thermal Bath

) ‘ ' For most of its early

b VN IVERSE history: thermal

7 WAS RAD\ATION- equilibrium (departures
DOMINATED are very important —

/3 :J} 6;L+ menvmc nOt a” Fe tOday!)
K R') matter ‘;./ﬁ' Yuva, qs»{jhu, ’. FOT kT > mC2

syt BN .- particle/antiparticle

;’\OJ—F " pb.il’S as abundant as
: R f!\%‘h;!ﬂ\:s ¥ vvet Pt‘lﬂ’ wze | 2
| 1010NS

W EarlyUniverse £43"

~ = T> ™
for * Joa ® B T

14 Vv
2%

ca S MNeV
] r

)’w/\-)et - = & ~T /4
< @ch’y(‘%[r W

K -,‘l{' feo(£V STD MeDEL T degrees o rrecdom ol el- part A

R =161 95T A, » R 2 VAN

W Adolegent Univerte <7 e
Metler-dommeted -- Struciuie formahon Beging....




"”HLEQUark

b, "TONS AND GAUGE Bu[lﬁl
"SOUPL,

\_“_____—-V

050'5

‘ ;




Relativistic Degrees of Freedom




Radiation-dominated Universe

H ~ 1.67¢2*T? /m,,

T/GeV ~ (t/107% sec) ™1/
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1935: Zwicky, Coma and Dark Matter

.
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rms velocities ~ 1000’s km/s




The Gravity of the Stars is not
Enough to Hold Clusters
Together (off by factor of 60)

SN ;
Clusters Must be Held Together

by the Gravity of Unseen
“Dark Ma



Coma Cluster of Galaxies

Hot gas accounts for 7x ‘than stars
Still factor of 8x less than required dark matter

_



Cosmology was very young,
clusters were new, and astronomy
was not ready for darlgss

ey I
most of Zwicky's
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1970s: Vera Rubin and

Flat Rotation Curves
Dark Matter Close tgif—lorpe




Vera Rubin measuring galaxy
rotation curves (~1970)

Tilted galaxy
P |

aperture

\
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Resulting spectrum of
light within aperture
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1000s of Flat Rotation Curves!
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Flat rotation curves imply galaxies are
iImmersed In giant halos with

phalo a 1/r?
Local halo density: 0.9 £ 0.3 x 1024 g/cm3
(local disk density about 10x greater)
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Gravitational Lens
Galaxy Cluster 0024+1654

PRC96-10 - ST Scl OPO - April 24, 1996

W.N. Colley (Princeton University), E. Turner (Princeton University),
J.A. Tyson (AT&T Bell Labs) and NASA




Overwhelming Evidence for
Dark Matter

Flat rotation curves of galaxies (galaxies have large,
dark halos) ’

Clusters are held‘gether:b.y dark matter (galaxy
motions, lensing maps, x-ray gas)

U
Without gravity of dark matter
observed structure

CDM has most of the truth

make




Airtight Evidence for
Nonbaryonic Dark Matter

CMB & BBN
Q,h2=0.021 + 0.001
VS.
CMB/SDSS
Q,,h?2=0.13 £ 0.005
200 discrepancy




Dark Numbers

Stars: ~0.5% /

Atoms: 45*02% L Zs

Dark Atoms: ~4% (9@% of atoms)

Exotic Dark I\/latter 0.23\F 1.5%

Neutrinos: O 1% to 2%
.. the rest |

nergy



Clusters: Nature's Fair Sample

\ ,

5.0 at il e a ..~ . .

.+ *Qptigal Da#% Matter X-ray Gas . B
N v -1 ?_ ’;‘,.Q°:..:." .. el

Most of the universe can't even be bothered to interact with you.

o
._.._. s " - -
- 5 .'°- < - ’: .
" P .’
. -8 -, .‘ o‘ . ’
-e Ry -
e ..~ . o .
W e 0 * 8 :

A



What Astrophysics Tells Us About
Dark Matter

Need for DM comes at different length scales
(constant a = v?/r ~ H, — Milgrom Miracle)
Less concentrateg - weakly interacting
(uncharged) particles :

Cold (small velocity dlspersmnz structure
formation > .1

Non baryonic (accounting + d
“Isothermal halo” — p a 1/r?

hit)
~ (270 km/s)?




Big Surprise? — No Dark Matter

ASTRONOMY

Seeing Through Dark Matter

If MOND is Right I
at My Powerpoin
(laptop included)!

This lack of corroboration, col
increasing com y and “prep®
nature of a once simple and e 1t cosmol-

7 On 50me
(2). One



Dark Matter Candidates
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Neutrinos have mass!

“normal” hierarchy

2.4+0.1x103eV? ﬁ

8+ 0.5x10°eV?

_—

| . \'x-\

V. - electron neutrino flavor
v, "= muon neutrino flavor
v, tau neutrino flavor

“inverted” hierarchy

increasing
mass

v,

— ?7eV




Neutrinos and Cosmology

Relic abundance, lab measurements, and
cosmology imply

113cm™ per species

> My
91h2eV

m,, <2.2eV (Mainz) mj; ~8x107%ev®  mi; ~3 x 107°eV?

0.13 (direct) > 0.02 (structure) > €, > 0.001

ut more
ciple ©

Neutrinos are a cosmic
importantly a “proof



Neutrino Mass constraints are typically sub-eV

Coobar ot al. (2008)
Top four use Baryon

Acoustic Oscillations

Seljak, Siozar, & McDonald (2008)

WMAPI (free bias) Tegmark et al. (2004)

L Epergel et al. (2003.8)

IIIlIIIIIIlIIIIIllIIIIIII

0 0.5 1 1.5 2 2.9
zm, (eV)

C Summer Institute:
Scott Dodelson

July 31, 2007




Neutrinos suppress power on small scales
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Origin of WIMP™ Dark Matter:
Incomplete Annihilation

Thermal Equilibri T Wﬁ

increasing (o,|v|

1>> Freeze Out : lonn(T) =~ H(T)
phOt‘ . ’ \ i 1/22 g
T << Lann = NEQ {._|HJ-'1NN"!"1|,} H =1.67g,"1 -/ mp)
rare
bt T 1T
) = (nx/ny)p ~ ————F
INCOI mxmMpl{|TANNY|)

abundance:

3 10 30 100 300 100

WIMP Miracle
Q ~0.3forov~ 1036 cm?

x=m/T



The WIMP Miracle

big hint or misdirection

e O ~0.3for o~ 1073%cm?

* This implies wgak productlon Cross section
(at accelerator Weak Scattering In matter
(direct detectlon) and, Weak annihilation
rate (indirect detectlon)

e = Decade of the WIMP!




Full Court Press!!
* Produce at LHC
 Detect particles in our halo
* Detect annihilation products




The neutralino Is very attractive, but
don't forget the axion

LOSS OF F & wg;m:ou,wb 8y r,b\u'rv TO LOsS a;,gg
(

PRUTONA Ab= \o*ars ADD AXloNS MC‘M‘IK Kﬂv/ CesmanGiuem /
-~ - Lag ConsTrans iSRS
- = shorler lifzhwe ‘LVDFM:{(T\M of Renc Adois




AXIion non thermal production

Axion = almost
massless N-G

boson of PQ
: paSSB :
o,m&*.:;; 5 R il s symmetry; acquires
i, ";““&*““‘“” small mass due to
A   1’ I .
CCADEASATE. oF MOM ey ,lmﬁ chiral symmetry

breaking (QCD
effects)




Detecting Cosmic AXions
1'UN|NQ

- P smv’nﬁ 1983
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ADMX performed as designed — scanned in the model band AX/O W

PRL 80 (1988) 2043

From W. Wuensch et al,, PRD 64 (2001) 092003
Phys. Rev. D40 (1989) 3153 PRD 68 (2004) 011101(R)

ApdJ Lett 571 (2002) 27

; 1024 . ’
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20-08 1
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TUNING ROD | . LEADS
gy S L 27
TUNING ROD ~T & 10 1
BEARING — | | o O = 3

J—n

=~ ]
MINOR PORT \: MAIOR O
~ r:‘ PORT = 1028
— N LF "‘:
=L
-29
SOLENCID 10 -
— 10230 AXION .
CAVITY 10
I— .I—I
1032
1 2 5 10 20
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We learned much from the first-generation exp’ts (~ liter volume)
Already came within a factor of 100-1000 of the desired sensitivity




Lecture 1 take homes

Consensus cosmology requires dark matter and dark
energy

Precision cosmology Is not an oxymoron
Redshift: stretching by expansion
Friedmann equ‘ens N ,

) -
. v

Three cosmic.epochs e

20 sigma evidence forﬂoh.—léafynnic dark matter
(CMB/LSS/BBN) ~ « &

Early universe production of dark
miracle

Dark matter right here! (~10-2
And don’t forget the axion

tter and WIMP




The Dark Matter Decade

* Hints (and distractions) in the air. Pamela
(TeV), WMAP Haze, ATIC, CDMSII;
FGST, CRES ,CQGeN"’ @nd DAMA (10
GeV) Vo @

* New capabilities: LHC*.XenonlOO Fermi,
COUPP50, SuperCDMS

 Prediction: “WIMP™ hy
relic, mass < 1 TeV) will
decade’

S (thermal
his
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Inflationary Spectra

Entered horizon RD: const x In R Entered horizon MD & begin growing

Cold (Adiabatic)

<
Q.
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log[A/(Qoh®)-Mpc]




Given scalar
potential V(o),

can compute 1 ,
all Nemvl S<k\£ FIMRMANT, Hoh:‘\xikmuaﬂ‘

observables IN [ladlied Gttt i of  Cppgeodpsla)

y = 9(\ ﬂ‘ \"‘} 5()&1\.)
terms of V, V. n: s "N
and V"’ S

wV L
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Structure Forms '3;3 o SR, C ek el S T e
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From the Bottom Up: botoye LT e T R

p-w> i

First Stars (z ~ 10 -20)
Galaxies (z ~ 2—5),

Clusters (z ~ 0 - 2), and
Superclusters (z ~0) &



Summary of Tests of CDM Power Spectrum
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