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Before Dave:

My research on
DARK CURRENTS

| was a member of an experiment at
Fermilab to measure neutrino
oscillations, and was told to measure
dark currents of thousands of
phototubes. My hands were bleeding.



My (brief) acting career

 While a student at Fermilab, | wanted
an excuse to go into Chicago.
Unfortunately the acting classes had all
started in September. Luckily, the U ofC
started in October, and so | took
Graduate Cosmology instead with Dave
Schramm.



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.




Life after Dave:

e |nstead of Dark Current:

* I’'m studying DARK MATTER AND
DARK ENERGY

e n.b. | didn’'t cheat



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.




e Who’s the 1diot who can'’t tell the
difference between a tennis racket and
a baseball bat?



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



OUTLINE

 Review of Evidence for Dark Matter

e Goal: Find baryonic dark matter

e Goal: Find nonbaryonic dark matter

* Are any of three claimed WIMP detections
right?

DAMA, HEAT, gamma-rays from galactic center

o Effect of mass distribution in Halo on
detection: Sagittarius stream can be a
smoking gun for WIMP detection

 QCD axion: good for inflation too!
1) Dark matter, Ii1) strong CP problem, and
i) Chain inflation



Time Dependence of Dark
Energy

Wang and
Tegmark
(PRL 2004)
QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.
See also
Wang and

Freese 2004



Two Approaches to Dark
Energy

e 1) Vacuum energy: add to right hand side of
Einstein’s equations

(cosmological constant, time-dependent
vacuum energy ...)

o 2) General Relativity is incomplete:
modify left hand side of Einstein’s equations

(



Pie Chart of the Universe




The Dark Matter Problem:

* 950 of the mass Iin galaxies and
clusters of galaxies are made of an
unknown dark matter component

Known from: rotation curves,
gravitational lensing,
hot gas In clusters.



Rotation Curves of Galaxies

Orbit of a star in a
Galaxy: speed is
Determined by
Mass




Rotation Curves of Galaxies

Orbit of a star in a
Galaxy: speed is
Determined by
Mass




V.. (km/s)

95% of the matter in galaxies Is
unknown dark matter!

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Lensing: Another way to
detect dark matter: it makes
llght bend

Telescope




Lensing by dark matter

Gravitational Lens in Abell 2218 HST - WEPC2

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA







Hot Gas In Clusters: The Coma Cluster

Without dark matter, the hot gas would evaporate.

Coma Cluster
0.5-2.0 keV

Optical Image X-ray Image from the ROSAT satellite



The Dark Matter Problems

« Missing Baryons at low redshift

 Nonbaryonic Dark Matter



Where are the Dark Baryons?

* 4% of the universe Is In ordinary matter (n,p,etc)
e Only 10% of this stuff is inside galaxies.
 Where Is the rest?
e At z>3, In the Lyman-alpha forest
(neutral fraction seen in QSO absorption lines)
o At z<3 ??7?
probably in Intergalactic Medium
hot, Ionized, hard to see
FUSE (2003) observes OVI absorption
upcoming: DIOS (Japan)



Dark Matter Candidates

MACHOSs (massive compact halo objects)
WIMPs

AXIons

Neutrinos (too light)

Primordial black holes

WIMPzillas

Kaluza Klein particles






The Dark Matter iIs NOT

Diffuse Hot Gas (would produce x-rays)

Cool Neutral Hydrogen (see Iin quasar
absorption lines)

Small lumps or snowballs of hydrogen (would
evaporate)

Rocks or Dust (high metallicity)

(Hegyi and Olive 1986)



MACHOS
(Massive Compact Halo
Objects)

" Faint stars
= Planetary Objects (Brown Dwarfs)
" Stellar Remnants:
= \White Dwarfs
" Neutron Stars
= Black Holes



QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.




Is Dark Matter made of Stellar
Remnants (white dwarfs, neutron
stars, black holes)? partly

Their progenitors overproduce infrared radiation.

Thelir progenitors overproduce element abundances (C, N,
He)

Enormous mass budget.
Requires extreme properties to make them.

NONE of the expected signatures of a stellar remnant
population is found.

AT MOST 20% OF THE HALO CAN BE
MADE OF STELLAR REMNANTS

[Fields, Freese, and Graff (ApJ 2000, New Astron. 1998); Graff,
KF, Walker and Pinsonneault (ApJ Lett. 1999)]



Candidate MACHO microlensing event in
M87 (giant elliptical galaxy in VIRGO
cluster, 14 Mpc away)

aaaaaaaaaaaaaaa

Baltz, Gondolo,
and Shara
(ApJd 2004)

Consistent with
MACHO data In
Milky Way (to LMC)






Good news: cosmologists
don't need to "Invent" new

particle:
« Weakly Interacting e Axions
Massive Particles m ~101G9) eV

(WIMPS). e.g.,neutralinos
M arises in Peccel-Quinn
solution to strong-CP

problem

Comoving Number Density o
- - =]

10 10
x=m /T {time -}

_3x10*"cm’ /sec

Q h?~
‘ (Ov)



WIMPs

Relic Density: 127 m
Oh2 <3 1(?< |:c|:m°‘s
Vv
v I Apnihilation cross secpion of
Weak Interaction strength gives right
answer
Prospects for detection:
-
etection from sun/earth
4 indirect

anomalous
cosmic rays

WIMP candidate motivated by SUSY:

Lightest Neutralino, LSP in MSSM
M. Kamionkowski



e Particle theory designed to keep particle
masses at the right values

* Every particle we know has a partner:

photon photino
quark squark
electron selectron

* The lightest supersymmetric partner is a
dark matter candidate.



SUSY dark matter

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

Coannihilation included
(Binetruy, Girardi, and
Salati 1984);

Griest and Seckel 1991)



Neutralino Dark Matter

e Linear combination of bino, wino, and
higgsino

 Minimal SUSY: over 100 parameters

« MSUGRA: 5 parameters



Direct Detection (Goodman and Witten 1986;
Drukier, Freese, and Spergel 1986)

Neutrinos from Sun (Silk, Olive, and Srednicki 1985)
or Earth (Freese 1986; Krauss and Wilczek 1986)

Anomalous Cosmic rays from Galactic Halo
(Ellis, KF et al 1987)

Neutrinos, Gamma-rays, radio waves from
galactic center (Gondolo and Silk 1999)



Three claims of WIMP dark
matter detection: how can we
be sure?

1) The DAMA annual modulation
e 2) The HEAT positron excess
e 3) Gamma-rays from Galactic Center



. DAMA annual modulation

Drukier, Freese, and Spergel (PRD 1986);
Freese, Frieman, and Gould (PRD 1988)
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WIMP interpretation is controversial
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DAMA: spin-independent?

Spin-
Independent
Cross section
with canonical

Maxwellrtan halo -

IS excluded by
CDMS-11 (2004)

section [cm™] (normalized w nucleon)

Cross

—
—

—
=

[ ]

i

CDMS-11

Baltz&Gondol

D

10

1
WIMP Mass [GeV]



(1) Neutron only
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DAMA: spin-dependent?
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DAMA: spin-dependent?

(2) Proton only Savage, Gondolo, Freese 2004

e S

10° ¢ |
' — . DAMA
2 s . " :
1 E h EZ —" -~ Super -K
E . . e S, T :3“ — . : . _Fa,ﬂffﬂfwf*#’;#reﬁﬁrjeﬂ BAESAN

0 { Elegant W
oy { r .
10" ~— CRESST I
o DAMA/NaI e
.
o CDMS II Ge

1 }
10 : .
I CDMS I Si
CDMS II Ge

averlapplng

CDMS II

prajectad

10t 102
Muytme (GeV)



(3) Proton+neutron

DAMA: spin-dependent?

Savage, Gondolo, Freese 2004

Remaining

allowed

regions
s

Other

Allowed by all
e¥periments

-15

-10

.......

------

10

15

5 1

0 \
il AT

-5 E.r:nus I&TT

Other

-15 -10 -5 © 5 10 15
an



QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.




ll. Gamma rays:
WIMPs at Galactic Center?

One can fi1t both CANGAROO and HESS
.y — Horns 2004
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CANGAROQO: possible detection up to 10TeV
HESS: different power law

Can explain with astrophysics?

Not easy to get intensity in SUSY

New decay channel for Kaluza-Klein particles

LAST WEEK: announcement of detection by
CACTUS, observed Draco (nearby dwarf galaxy).



WMAP microwave emission
Interpreted as dark matter
annihilation in inner galaxy?

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

Consistent with 100 GeV WIMPs.

Finkbeiner 2005



Gamma-ray line

Characteristic of WIMP annihilation
 Need good energy resolution

GLAIS1I' Simullalticl)nlz e GLAST may do
1t below -80 GeV

Number of Counts

20—

30 45 50 LSO — II?D
Energy (GeV) )
Bergstrom, Ullio and

Buckley 1998



Positron excess

 HEAT balloon found

SUSY+bkg. fit

| SUSY component
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 Explanation 1: dark
matter annihilation

e Explanation 2: we do
not understand cosmic

Baltz,

positron energy (GeV)

Edsjo,

Freese,
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Three Claims of WIMP
detection

« The DAMA annual modulation
« Gamma-rays from Galactic Center
 The HEAT positron excess



Dark Matter Distribution In
Halo affects Signal In
Detectors



Streams of WIMPSs

For example, leading tidal stream
of Sagittarius dwarf galaxy may
pass through Solar System

Majewskr et al 2003, Newberg et al 2003

Dark matter density in sEogdd) o .
Freese, Gondolo, Newberg 2003

New annual modulation of rate and
endpoint energy; difficult to

mimic with lab effects
Freese, Gondolo, Newberg, Lewis 2003



Sagittarius stream

0.15 T
. i Ge detector i
g i My, p=60GeV i
I
B
@ .
- 0.1 — with Sgr ]
ng B _ stream 8
< - Galactic Rate modulation
- - Halo WIMPs - .
5 i : . .
5 0.05 - - \t.\Endpoint-¢nergy modulation
(2] i ' i
:i - —— June 28
e i
T | -—— December 27 ==
D | | | | | | |
0 20 40 60

E [keV]
Plot for 20% Sgr stream density (to make effect visible); o =-



Sagittarius stream

Freese, Gondolo, Newberg 200:

Directional detection with DRIFT-I
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Stream shifts peak date of annual modulation
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* Increases countrate In detectors up to
cutoff In energy spectrum

e Cutoff location moves In time

e Sticks out like a sore thumb In
directional detectors

e Changes date of peak in annual
modulation

o Smoking gun for WIMP detection



Good news: cosmologists
don't need to "Invent" new

particle:
« Weakly Interacting e Axions
Massive Particles m ~101G9) eV

(WIMPS). e.g.,neutralinos
M arises in Peccel-Quinn
solution to strong-CP

problem
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from ADMX
RF cavity experiment (1998)

aaaaaaaaaaaaaaa
FFFFFFFFFFFFFFFFFFFFF



Overall status of axion bounds

QuickTime™ and a

L. Rosenberg



QCD axion: good for many
things
e 1) proposed as solution to strong CP
problem
e 2) dark matter candidate

e 3) can be inflaton in chain inflation!

n.b. this is a tunneling model using the
actual QCD axion (low mass scales,

detectable)



Chain Inflate:

Tunnel from
higher to lower V(a)=VO[1U 1 -cos (Na/v)] U -n
minimum in cos(alv +y)

stages, with a
fraction of an
efOId a-t eaCh QuickTime™ and a

TIFF (LZW) decompressor

Stage are needed to see this picture.

Freese, Liu, and
Spolyar (2005)



« 1. Sufficient e-foldings of inflation
e 2. The universe must thermalize and reheat

« Old inflation, with a single tunneling event,
failed to do both.

« Here, MULTIPLE TUNNELING events, each
responsible for a fraction of an e-fold, adds
up to enough inflation.

e Graceful exit obtained: Phase transition
completes at each tunneling event



Relevant to:
--stringy landscape
--QCD (or other) axion

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.

Graceful exit: requires that the number of e-foldings per
stage is less than 1/3
Sufficient inflation: total number of e-foldings exceeds 60



Chain Inflation: Basic Setup

The universe transitions from an initially high vacuum
down towards zero, through a series of tunneling events.

The picture to consider: tilted cosine

Solves old inflation problem: Graceful ExIt requires
that the number of e-folds per stage < 1/3

Sufficient Inflation requires a total number of e-folds >
60, hence there are many tunneling events



Topics

 Why Old Inflation Falls
» What's Needed: Time Dependent I'/H*
* This model:

Multiple tunneling events each with
less than one e-fold provide graceful
exit



Old Inflation (cutn 1981)

v, 4

H
v

Universe goes from false vacuum to true vacuum.

Bubbles of true vacuum nucleate in a sea of false
vacuum (first order phase transition).



Swiss Cheese Problem of Old
Inflation: no graceful exit

. | T !
Bubbles of true P
vacuum nucleate U,
In a sea of false

vacuum. False Vacuum

PROBLEM: Bubbles never percolate and thermalize:
REHEATING FAILS; we don’t live in a vacuum



Probabillity of a point remaining in false vacuum
hase: 7 p ,
P p(t) ~e Pt 3 =T/H*

I IS the nucleation rate of T bubbles and H is the
expansion rate of the universe

Theories with constant /7 fail (e.g. old inflation)

Small 7 : slow phase transition, inflation but no
reheating

Large /7 : fast phase transition, not enough inflation,
yes there is reheating

Need time-dependent :;-j , first small then large



Forlarge [0 = F/H4 > Berit = 9/4m

Solution: Percolation

~ [_,,-h\

Figure 2: All bubbles are roughly the same size. The transition
proceeds quickly.

Chain Inflaticn 14



Graceful Exit Achieved
Guth and Weinberg, 1983

Turner, Weinberg, and Widrow, 1992
calculated that a critical value of

]__'.
8 — F > .-Sc'.*rit — 9;4?1’ (8)

is required in order for percolation and thermalization to be
achieved. In terms of e-foldings, this is

X = Xerit = 1,"(3- (g)



Two Requirements for ;
Inflation ~=1/H

o Lifetime of field T~
IN metastable state:
 Number of e-folds from
single tunneling event:

. Sufficient Inflation: Xtot > 60
* Reheating:

/H(H ~ Ht ~ 3/4n(3



How to achieve both criteria:

« Sufficient inflation: Xtot = 60
* Reheating: Y < YXerit = 1/3
 With single tunneling event:

 “Double Field Inflation” (Adams + Freese 91; Linde
91) : time-dependent nucleation rate, couple two
scalar fields

« With multiple tunneling events:
CHAIN INFLATION

get a fraction of an e-fold at each stage, adds to more
than 60 in the end




Inflating with the QCD Axion

K. Freese, J.T. Liu And D. Spolyar, hep-th,/0502177

While the axion is a priori a Goldstone boson of the
spontaneously broken Peccei-Quinn symmetry U(1)po, QCD
instanton effects induce an axion potential with residual Zy
symmetry. The model we consider includes an additional
explicit soft-breaking term, which tilts the instanton induced
potential. While the complete form of the axion potential is
dependent on non-perturbative effects, it is well modeled by a
potential of the form

Via) =Vg [1 — cos N a.] — 7708 [E + "jr'] . (10)

v (B

Chain Inflation 13



Chain Inflation with QCD Axion

The inflation starts with the axion field located in a minimum
at the top of the tilted cosine potential. Then the universe
tunnels to the next minimum in the cosine, then on down
through all the minima until it reaches the bottom. The
universe inflates a fraction of an e-fold while it is stuck in each

of these minima, so that in the end sufficient inflation results
for N ~ few hundred.

Chain Inflation 22



Characteristics of the QCD Axion

e [he width of each bump is given by the Peccei-Quinn scale
fa=v/N ~ (10° — 10'2) GeV

e The height of each bump V = m2 f2? Roughly the QCD scale

e o be specificc we consider the invisible axion model.
Dine, Fischler, and Srednicki(DF5Z), 1981

A.P. Zhitnitskii, 1980

e Periodicity of the axion field is a = a + 27v = a + 27N f,
where f, is the axion decay constant and defining : 6 = a/ f,,
we see that # is 2w /N periodic.

Chain Inflation 20



Invisible Axion (DFSZ)

e AXxion is identified as phase of a complex
SU(2) U(1) singlet scalar s below PQ
symmetry breaking scale s=v/~/2

1
S = v+ plexplia/v
\/5( p)exp(ia/v)

e Soft breaking:
Ligoft = ,u,3 s+ h.c., Vsort = neos(a/v + ),

Phase shift _TT/A. < <L '.T/ﬂf



Many fermions

Here N refers to the unbroken Zy subgroup of U(1l)pg.
This value N corresponds to the number and representations
of fermions that carry color charge as well as PQ charge
(and hence contribute to the QCD anomaly). Since we
require N > 200, we need to introduce additional heavy
fermions in addition to the wusual quarks and leptons.

Sikivie, 1962

Chain Inflation 21



The Neutron Electric Dipole Moment Limit

We must ensure that the soft-breaking term in the potential
does not destroy the strong CP solution, z.e., that the minimum
of the potential is not shifted away from zero by more than is
allowed by the electric dipole moment (EDM) of the neutron

Ay < 6 x 1071, (12)

P.G. harris, 1000

Chain Inflation 26



Implied constraints

For large N, we find that the shift from @ = 0 is given by

. A n . n nm
Af = | ——sin~| ~ |——| ~ ———. 13
‘ ED I"n-]: -li__.rl:] JIT\II i -li__.r |:| j\ll i 21__.-’(] J'I\\" 2 ( )

e determined by finding the relative shift of vacua near the
bottom

e In the last equality, we have used the fact that |v| < 7 /N to
estimate that a typical arbitrary value of ~ ~ /(2N ).

Chain Inflation 27



Get stuck:

Bounds on EDM constrain shape of
potential near the bottom to be flat,
which leads to suppressed tunneling
rate.

Get stuck in next-to-last minimum.



How to get out of last minimum
before the bottom? Possibilities:

e 1. Set v = 0 so that minima of two cosines
line up: artificial.

e 2. Energy of last minimum is very small, e.g.
(dark energy) 10 eV

o 3. Couple several axions

o 4. Different soft PQ breaking term

5. Go in new direction in potential near the
bottom (axion couples)

e EtcC.



More Generally

In this paper we have restricted discussion to axions which
can solve the strong CP problem. Obviously, if we forego any
contact with real QCD, then the allowed ranges for parameters
becomes much larger. For example, the constraint from
the neutron EDM vanishes. Then the ranges of potential
width, barrier height, and energy difference between vacua are
completely opened up. A tilted cosine may arise due to (non-
QCD) “axions" in many other contexts, such as string theory,
and would easily provide an inflaton candidate. Such a general
case will be investigated in a future paper.

Chain Inflation ar



e many more workable models along the lines of the QCD
Axion can be found

e Chain Inflation is a useful mechanism which can provide the
necessary inflation to solve the standard cosmology problems

e |t offers an attractive alternative to other inflationary models.
Wide Range of Scales
No Fine-Tuning

Graceful Exit (Tunneling Field Inflation in the guise of
Chain Inflation Works)

Chain Inflation g2



Our universe (a causal patch) starts in a high-
energy (local) mininum, tunnels from bowl to
bowl to ever lower energies

Takes single path through the various vacuum
states in the landscape

Can model as large number of coupled fields
whose interactions provide graceful exit (rapid
enough tunneling); model as coupled scalar
fields in asymmetric double wells (Freese and
Spolyar 2004)

Can model as single tilted cosine through the
landscape



Chain Inflation: new
framework for Inflation

* Nice features:
 No Fine Tuning
e Large Range of Energy Scales,
10716 GeV - 10 MeV
e Saves Old Inflation
graceful exit: phase transition occurs
very quickly
Works In a variety of settings:
QCD axion and stringy landscape




Time Dependence of Dark Energy

Find baryonic dark matter

Find nonbaryonic dark matter:

Are any of three claimed detections right?
DAMA, HEAT, gamma-rays from galactic center

Effect of mass distribution in Halo on detection:
Sagittarius stream can be a smoking gun for WIMP
detection

Compute density perturbations in chain inflation:
expect scale invariant spectrum with additional
(detectable) spikes



How to achieve both criteria:

. Sufficient inflation: Xtot = 00
e Reheating: X < Xerit = 1/3
e With single tunneling event:

e “Double Field Inflation” (Adams + Freese 91,
Linde 91) : time-dependent nucleation rate,
couple two scalar fields

o With multiple tunneling events:
CHAIN INFLATION

get a fraction of an e-fold at each stage, adds
to more than 60 In the end




Double Field Inflation (Adams and
Freese 1991)

 Time dependent nucleation rate
e Couple 2 scalar fields

‘tot = V1 ((’;) + V5 ({J,) + Vint ((.T'i"': 11) ‘ /\

» Once the roller reaches its min, : s
€cff = €+ f(?f)a-’l grows, tunneling rate .

Increases. The tunneling rate Is zero

for v at top of potential, large as ¢’

approaches min (then, nucleation)



Required time dependence

. ~ — 3 Ht q — 4
Need small 7 initially p(t) ~ E ,B=T/H

to inflate.
Then, suddenly, 7 gets # | g
larger so that all of percolate and

thermalize

universe goes from
false to true vacuum
at once. All bubbles
of same size, get

inflate

percolation and
thermalization.

No Swiss Cheese!



Double Well

\ € is energy

difference between vacua

Nucleation rate of true vacuum:

,ﬂ.Q /\2 (]_.12
3

[' ~ € exp(—Sg),Sg = (thin wall)

O €

(Callan and Coleman; Voloshin, Okun, and Obzarev))



Sensitivity of nucleation rate to

parameters in the potential

. Sufficientinflation: ~ Xtot = 3/473 = 60
number of e-folds=

 [ollowed by rapid nucleation:

B> Berit = 9/41 (x < 1/3)

« Both achieved by small change in ¢/a*

e.g. considert® ~TeV, 100 fields:

N=1000 for f:.'../ut-’.u4 = 1.44891

N=0.01for a/e'/* = 1.43865

To go from enough inflation to percolation, need this
ratio to change by less that 2%



Tunneling Rates, Graceful and not

12

LB

plr]

g -

Figure 3: The transition of nucleation is too gradual for old
inflation, but virtually a step function for Chain Inflation.
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