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Microscbpec Nataetso i daal/niverse
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SM: 120 Years,
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DM: Billion $§ Effort

DE: Meh

® Atoms ® Dark Energy ® Dark Matter ® CvB ® CMB



Dark Energy: EOS?
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Laboratory Probes of Dark Energy?

Theory bias: w =-1
-1 <w< =095

Gravitational measurement. Can we do better in the lab?

Dark Matter

Similar to laboratory detection of dark matter issues —

Gravitational Measurements: dark matter is a cold,
pressureless gas with o/m < cm?2/g

Does not mean o =0. Can probe o ~ 104 cm? in the lab

What are the signatures of dark energy?



Assumption: Cosmological
Constant

/d4x\/jg(M§lR - £(¢sm7 a¢sm) + AO)

RMV - §g,u1/R — M—Z?Z(T’LLV —|_ g,uVA)
T,, = diag(p, p, p, D) CC is time-independent
(normal matter redshitts).
1
2 _
H* = 3 N2 ('0 T A) CC-dominated spacetime
pt grows exponentially fast.
: 1
H = 2M2 (,0_|_p) CL:CL()QHt



CC Contributions

The delicateness of the cosmological constant.
divergent

SONTE @ ——
| finite (e.g., ms# In m,)
+ Ay + \./\/ + ... @ase(ct)rggs).itions

Naive : M;fl ~ 10" pp &,

g

NS\

“Quantum gravity is weird...” (not at low energies)

“How can you calc. when you are in curved space...” (R << A)
“UV/IR dude...” (well that’s the problem)



Explanation: It’s Anthropic

Structure only forms when CC is tiny... (assumes given dp/p)

A ‘historical’ solution



Outline

|. CC Solution - Rolling field
[I. Models of Dark Energy

[1l. Detection of Dark Energy



Scan the CC with a light field
e e

Must scan a large range of values! f\/ ¢
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Why are we here?

When does this happen?



Our Model: Summary

Evolution of the scale factor
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Our Model: Summary

Evolution of the rolling scalar field

Simplest Model:
L O 93¢ + arbitrary CC * ¢ slow rolls (extremely long time), CC drops
e Critical point: at p~M,;, ¢ tfast rolls
through zero, universe starts to crunch

e Kinetic energy blue-shifts as universe
crunches

e Reheating: kinetic energy converted to
radiation, ¢ is stopped

[

e Bounce occurs, regular post-inflation
cosmology afterwards

* High Hubble scale freezes ¢ until today,
CC fixed at small value (set by g)



CC Solution: Initial Expansion

v -

qb ~ -
Simplest Model: £ O g°¢ + arbitrary CC +?F’F’+%G’G/
G
| | | A V

Avoid eternal inflation at top: S~

, 1 Scale factor a growing

A exponentiall
pl
\

Fast roll begins: ¢°> My ~ A5 YA

Together =¥ [Ai’ < A3 MPD

So to get today’s CC A, ~ meV, can solve the CC problem up to A; ~ 10 MeV
— more fields, higher initial scale

Dynamical relaxation first tried by Abbott (1985) and Banks (1984). /

Suffered from eternal inflation and an empty universe.




CC Solution: Roll to Negative CC
¢ ¢

Simplest Model: £ O g°¢ 4+ arbitrary CC —I—?F’ﬁ”jtf—G’é/
G
| | | AV
Avoid eternal inflation at top:
\ Scale factor a growing
2 >
<V % g> A7 Al O(1), H vanishing
pl
: %
Fast roll begins: g° My ~ A3

Together =» [Ai’ < A3 MPD

1 1. Hubble decreasing monotonically
H® = o (§¢2 — 93¢>
pll / Vanishes 1n a finite roll of ¢ ~ M,
H = - P*

2Mpl /\//\




CC Solution: Crunch - K.E. Dom.

@ ~ -
Simplest Model: £ O g°¢ 4+ arbitrary CC —I—?F’F’jtfiG’G/
G
| AV
Avoid eternal inflation at top:
\ Scale factor a shrinking
H <V > g> A2 N like a power during crunch
pl
f ¢5

Fast roll begins: ¢°Mp) ~ A3
G

Hubble anti-friction accelerates ¢ rapidly: gb -+ SHgé — > =0

1
During kinetic energy dominance: gb X —
a

d
Ang/dtqu/da—N—/—agN Mpllog—
af

Can crunch to extremely small scales /\
while maintaining a small CC!




CC Solution: Stopping & Reheating
¢ ¢

Simplest Model: £ D gggb + arbitrary CC +—=F ' —|——G/é/ + coupling btwn groups

P

Thermal bath causes extra friction term 4

with coupling to pure Yang-Mills \ .
(e.g. Laine & Vuorinen 2017) Scale factor @ bouncing
v

asT3 Ail
72

b+ (BH+Tw)d—g3¢=0

(Take T'y, > H) G

dr -
This friction heats thermal bath further " C'ih @® = arunaway

Almost all kinetic energy dumped 1n a time ~ Ft_hl faster than Hubble time =¥ @;2 < @’ Treneat M })3

['in ~

What starts the runaway?  For small /, e.o.m. 1s Al + (mi/ + K F ;Zik) ' = 0 Anber & Sorbo (2009)
Once ? 2 mar, then A’ modes become unstable
=» Coupling between groups causes reheating |
all ¢’s kinetic energy rapidly heats that sector once ¢ large =»

motion of ¢ stops, CC is fixed



Reheating Details

¢

Simplest Model: £ O ¢°¢ + arbitrary CC +ZF'F' + V(P +m) +%A’A’

Last step — reheat the
standard model!

Can add mixing with
photon (hypercharge):

L D€l FI

Will cause decays of new
sector into SM with rate:

Fdecay ~ CVGQ m A/

This sets the Hubble time of
decay, and temperature:

Td ~ al/Qe\/mA/Mp

f

ﬁ
\ Scale factor a expanding

Also produces a direct
coupling to photons:

EQ(Cb/f)FWFW

If f> ¢*M, ,then dynamics don’t change.
However, possible to produce a similar story
with photons directly!

3




The Bounce




Bouncing Cosmology

Independently Motivated

Singularity not removed
by inflation

Infinite Past? Why not”

Classic N |

- . Volume
Cyclic Universe (of the
The cycle of expansion universe)

and contraction
‘ \
continues endlessly. W& S G %
oF

<
oo Big Bang Big Bang Big Bang Big Bang oo
The past The future




Bouncing Cosmology

Generic Requirement?
Need converging geodesics to diverge

Collapsing matter, gravity gets stronger

Can matter never escape strong gravity?
Black Hole
Evaporation

Key Point: Matter could escape gravitational singularities

Singular Bounce likely possible. Non singular bounce?



Bouncing Cosmology

Generic Requirement?
Need converging geodesics to diverge

Raychaudhuri’s Equation

o 1 -9 A2 ~2
) 26’ o + 2w T, UrU
df
ivergence ™

T, U"U” <0orw#0

l l

Null Energy Vorticity
Violation




A Vorticity
do 1 N2 ~2 ~ 2 %
52—59 —20° 4+ 2w° =1, U"U
Combat attractive gravity with centrifugal motion

Vorticity vector

N

©The COMET Program

Why not use this term?

To avoid Null Energy violation, need global vorticity



Godel Universe

2
ds®? = — (—dt2 + dr? + dy® — (simh4 r — sinh? r) do? — 2v/2 sinh? frd¢dt)

B

Cosmological Constant +
Spinning Dust

Static Universe: Gravity
balanced by rotation

Closed time-like curves forr > 1

Does not describe region of space-time where we live



The Born Again Universe

Have vorticity everywhere, without closed time-like curves?

Distant points rotate -> Closed time-like curve
To avoid singularity, just need rotation everywhere

Rotate into compact extra-dimensions!

Space-Time: R4 x T3




The Metric
Space-Time: R4 X T3

ds? — —dt® + a (t)2 di? + b2 (d92 + do? + d¢§) — 2¢b (sin 0 dtd¢, + cos 0 dtdps)

| |

Standard Vorticity

FRW Geodesics along
R4 forced to move Iinto
extra-dimensions

Plug in for a(t), use Einstein’s Equations to get stress-tensor

Have Shown: Non-singular Bounce Possible without closed time-like curves

Matter: Positive tension brane gas + stable NEC violating Casimir



Why Relaxing

/Bouncing for the

Cosmological Constant?

It Is easy to raise the starti
(few GeV4) and an adc
possible to tlip the sign of

ng point with additional friction
itional field (TeV4). It is also
he CC making it positive with a

phase transii

ion or other field.

So far, the above model (with a bounce) naturally produces a
small negative cosmological constant -(meV)4 and big-bang
cosmology from a larger, (10 MeV)4

It Is not possible to have this model without a rolling field
existing today...



A Positive CC Model

Add another field (e.g. an axion) with two minima split by ~ meV

this scale 1s what actually sets today’s CC

v

A

As universe heats during contraction, temperature gets arbitrarily high

resets field which can then naturally settle later in higher minima

Still preliminary: Ugly scalar field theories work, possibly confining YM



Models of Dark Energy

|. Rolling ¢
II. Rolling ¢ coupled to SM

Ill. Dark Radiation



Rolling ¢

CC solution suggests a field still rolling today

Simple rolling scalar: Quintessence

% b2
>~ %—V
4

Lagrangian for this scalar field?
m S H=10"% GeV

Ultra-light field. Demand technical naturalness => axion-like,
derivative interactions

8;¢¢W“V5¢ + O FF

LDOCo+ 7

Kinetic Energy of Dark Energy < meV?2
Direct Detection



Signatures: Dark Energy E.O.S.

The equation of state, w, will depend on how much was added to make CC positive

\q/ po = measured CC today

p2 = fast-roll energy scale

5 452 (,02)2
w ~ — v —_—
M, PO \ Currently constrained at
" pa the 5-10% level

Many upcoming experiments will measure w better, e.g. WFIRST, Euclid, gravitational waves...

Could make a discovery, hard to rule out parameter space




Rolling ¢ Coupled to CMB

EFF

g

¢ = Rotation of polarization of light

,,,,,,,,,, ; 6 e TR The polarization of the
Mg RS 8RSl e e e CMB rotates as ¢ rolls
i / N\\\ I/// \\ A
RN il iy T (Homogeneous scalar)
s S “\\\ ‘\.‘ ll\\ '1,l
N i sRagegnly Do E-mode => B-mode
T T d M
o 2 ~

Current CMB Measurements already very constraining!

2
M
Future CMB polarization measurements (e.g., CMB-S4, etc): Jw (—pl> <2x1077!

f

Pogosian, Shimon, Mewes, Keating (2019)



Rolling ¢ Coupled to Fermions: Spin Precession
0,6
Ja

Relative Motion between the dark energy and spin

Yy s

—»¢ )
H=—.0
¥ (2

Think of it as a new dark magnetic field

Like magnetic field, spin precesses about the direction of motion

27 7 Measure Spin Precession - similar to axion dark
= matter searches (CASPER)
g

Challenges: Signal is DC - need to combat low frequency noise,
Dark energy is less abundant in galaxy than dark matter

Advantage: Signal is coherent forever



Spin Precession

Many experiments look for Lorentz Violation

Dual Species Magnetometry
(Xe/He, Xe/K, Xe/Rb)

Measure Differential Precession Rate

SQUID

By, v In general, ratio of magnetic moments
different from ratio of dark energy
couplings

Anomalous relative precession indicative of dark energy



Signatures: Spin Precession

0
¢ has non-gravitational couplings — could couple to SM fermions ﬁ

s
fmw

Spatial gradient of axion field =¥

. ent of axion field 3 VO 5 - b—=
spin precession in ‘axion wind’ f v .
: %
\4 ‘51(;

Cosmological axion field dominantly
homogeneous, but can use a highly
boosted experiment!

Spin fixed to be radial at magic
momentum without signal.

V ¢ acts as an effective magnetic
field acting on the spin causing
precession out of the plane

Bog fiom oxion



Spin Precession

ek A Storage Ring EDM Experiment:
F iy Look for anomalous precession
L - induced by EDM of proton
_"\\k43
{kz { Systematics well understood
- Development underway
\ & Wl \ (Brookhaven, Fermilab, IBS Korea)
: /’k,4 k3 k3 kjl \\\\
X ,/k/4/ . . s \kft\\ P \
o 3 maw 4 Same setup can be used - but

orient spin radially, so that it
precesses out of the plane

Relativistic Beam Velocity increases signal

Use counter-propagating beams to combat systematics

P Graham, S Haciomeroglu, Z Omarov, S Rajendran, Y Semertzidis - 2005.11867



Projected Sensitivity

108

NS + SN 1987A

gann (Gev)
8
5
|

-1.00 -0.98 -0.96 -0.94 -0.92 -0.90 -0.88 -0.86

w

Stores protons for ~1000 s

Measure spin precession to 10-¢ rad

Lorentz Violation experiments also have comparable sensitivity



Dark Radiation
g}5 + 3Hq5 + ng = g3

New source of friction




Dark Radiation
Coupling rolling ¢ to pure YM

¢ Tr GWG/“’

3
T A

1 1
—F = 27 Tr G, G + —0,40"$ +

the pure derivative coupling: Tr G, G" = 9 ,K*

672

IS natural and related to CS number:

Ngg(t) = " dt[d3x

Tr GWG”” = Jd3x K’
0

1672

So ¢b/fis a source for Nesin the action — in Euclidean
space it is a chemical potential, u(z).



Dark Radiation

Tr G,WGW
167%f

Now, the scalar EOM: gb = g3 +

We want the last (source) term in a thermal background.

Without the scalar field, there are sphaleron transitions
which fluctuate:

<N(2ZS> = Vtrsph

The sphaleron rate, from dim anal, should go as 7#
More accurately:

5 574
FsthNCOC T



Dark Radiation

The fluctuation-dissipation theorem relates fluctuations of Ncs to
response to the u(t) source.

For a system with a driving source H— ﬁ(t) = H— ,u(t)N(t)

It the system is in a thermal bath, and the source turns on at some time:

!

(N@)non—cq = Tr [pON(D)] = ij KT | [N, p(=00)] N | = i[ H(O V@ N )eg

—Oo0

A time-derivative of the left side give the expectation value we
want and relates it to the fluctuations in N:

Tr G, G" _ Copn ﬂ
1672 2T \ f




Dark Radiation

Thus a thermal bath of YM produces a new source of
friction for a rolling scalar field:
T3
o+3Hp+Yp =g’ with Y ~ (Nca)sf—z

It Y > H, the friction extracts energy from the rolling field and
dumps it into the thermal bath:

ppr = — 4Hppg + Y ¢

Assuming roughly steady state behavior (T = 0, gb = 0):

1/7
3 6 12
¢ ~ s and T~ (-2 /
Y Hg:.N>a>




Dark Radiation

3 6f2 1/ H
[} g g 02
~ — T ~ and ~ —
? Y (Hg*N§a5> PP

Thus, it Y > H, the dark radiation can be a signiticant component
of dark energy while the kinetic energy is negligible.

Coupling needs to be strong enough (low enough scale) — for
example, if T ~ meV today, then Y > H means f < Ty/T/H, ~ TeV
(hidden sector).

This solution has a large basin of attraction - even for zero T at
early times, a finite T will be generated via scattering and
tachyonic instability



wpgr (@)

Cosmological Effects

Dark radiation does not affect CMB — large today, but
meV Vvs. eV at recombination.

Significantly different from quintessence
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Direct Detection

%MDGQ Direct coupling to the Standard Model
A3 IS dimension 7. Hard to probe

But dark sector doesn't have to be pure YM:

Fermions and hidden photons: £ D ¥ (7* Dy, +m) ¢

Hidden photon mixing with our photon: GFWF,;,,

Fermions become milli-charged under E&M, while
fundamental representation of non-abelian sector.
Also hot gas of hidden photons.



Right Handed Neutrinos

1
LD f—GZVWOWN
N Efficient (i.e. during the current age of

the universe) conversion of energy

w\/ N from dark glue into right handed
neutrino

Thermalized population of right handed
neutrinos at meV energies

At low energy (meV), conversion of N
to neutrino is not suppressed! So N
behaves like a thermalized population
Weak of neutrinos - at meV temperatures!

w Interactions
N
/ ..'..

10x the temperature of CvB



Direct Detection

Challenge: Detect meV scale milli-charged particles

No existing experiments - but plenty of upcoming ideas
(e.g. using EM cavities to search for milli-charged
particles)

Challenge: Detect meV scale hidden photons.

Leverage work done for single IR photon detection, use
work done for dark matter detection in this mass range

For neutrinos, this signal is significantly bigger than what
PTOLEMY (tritium end point to detect CvB) looks for - but
PLOLEMY is a very hard experiment

Interesting challenge for detection community!



Thank you!



