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Cosmological Constant
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T,., = diag(p, p, p, p)

CC 1s time-independent

, 1 (normal matter redshifts).
p! CC-dominated spacetime grows
: 1 exponentially fast.
H = 2 M2 (/0 - p)
p! a = age’?



CC Contributions

The delicateness of the cosmological constant.

Divergent and
(e.g., m:Inm,)

Naive : M;Ll ~ 10123,0D.E.



Explanation: It’s Anthropic

Structure only forms when CC is tiny... (assumes given 00/0)

A ‘historical’ solution



Our Model: Summary

Evolution of the scale factor
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Our Model: Summary

Evolution of the rolling scalar field

Simplest Model: s
LD ¢3¢ + arbitrary CC += F'F’ * ¢ slow rolls (extremely long time), CC drops
{; L * Critical point: at ~Mp,, ¢ fast rolls
R L T il through zero, universe starts to crunch

 Kinetic energy blue-shifts as universe
crunches

« Reheating: kinetic energy converted to

radiation, ¢ is stopped

* Bounce occurs (our mechanism
independent of particular bounce model),
regular post-inflation cosmology afterwards

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



CC Solution: Initial Expansion
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Simplest Model: £ O gggb + arbitrary CC —I-?F/F’ + / G
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Avoid eternal inflation at top: S~
1 Scale factor a growing
2 .
<V + g> A7 Al exponentially
pl
\4
<. 3 4 —>
Fast roll begins: g~ My ~ Aj M,
Together =» @? < A3 MPD
So to get today’s CC Ao ~ meV Can solve CC problemupto A < 10 MeV
Dynamical relaxation first tried by Abbott (1985) and Banks (1984). /
Suffered from eternal inflation and an empty universe.




CC Solution: Roll to Negative CC
; ,,

~ D
Simplest Model: £ O g?’gb + arbitrary CC —I-?F/F’ L ; r G
b {e.
. . . ‘\V
Avoid eternal inflation at top:
\ Scale factor a growing
2 - g
73 < N g Z Al A‘f O(1), H vanishing
pl
' :
Fast roll begins: gSMpl ~ A3
Together =» [A? < A3 MpD
Hubble decreasing monotonically
2 1 1.9 3
H= = 50T —g°¢
SMpy \ 2 . . .
Vanishes 1n a finite roll of ¢ ~ My,
H o= L

2Mpl /\//\




CC Solution: Crunch - K.E. Dom.
8

~ (’i’) o
Simplest Model: £ O ¢°¢ + arbitrary CC —I-?F "F' + /'. G
J G
. . . ‘\V
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: ¢° My ~ A5
CENT

Hubble anti-friction accelerates ¢ rapidly: gb + 3H gb — > =0
1

During kinetic energy dominance: gb X —3
a

da
Agbw/dtqbrv/ a—N—/—EN Mpllog—
f A
Can crunch to extremely small scales /\

while maintaining a small CC!



CC Solution: Stopping & Reheating
0) (

- 0 ~
Simplest Model: £ O ¢°¢ + arbitrary CC+- F'F’ |- G'(G" + coupling btwn groups

/ fo

Thermal bath causes extra friction term 14
with coupling to pure Yang-Mills \ .
(e.g. Laine & Vuorinen 2017) Scale factor a bouncing

33 A4 |

g ~ an ' NAglog&
. : } af o
6+ BH+Twm)¢—g>¢=0 I >

(Take Ty > H) G

dT+ ~
This friction heats thermal bath further " 'ih @® = arunaway

Almost all kinetic energy dumped in a time ~ Ft_hl faster than Hubble time =¥ &2;2 < @’ Theheat M ID

What starts the runaway?  For small H, e.o.m. is Al + (mi/ + K F ;Zik) ' = 0 Anber & Sorbo (2009)
Once ? 2 mas, 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 g°¢ + arbitrary CC +ZF'F + &(lD + m)y +%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

/
%

ﬁ
\ Scale factor a expanding

4
A ~ A5 log &
} A3] He

]

M

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 1in Flat FRW

Example: a flat, homogenous, isotropic universe

o\’ 8 i Am
(5) = ?G/) o= —?G(PﬂL 3p)
. . 2
a a 127
P (5) -3 G (p+p)

At minimum, a =0,a >0 = p+p <0
Perfect fluid, p =wp = p > 0and w < —1
or = p<Oandw > 1

Matter must violate the Null Energy Condition

In general, n*n”T,, < 0 for any null n*



Null Energy Condition

In general, n*n”T,, < 0 for any null n*

Potential Issues:
Negative energy states - vacuum decay, other instabilities.

However, an effective low-energy theory may have NECv
without instabilities and one may hope to avoid them in a UV
completion.

Similar issue when fluid has w < 0— naively, ¢ <0,
instabilities. However, short-distance physics (e.g., domain-
wall networks) have additional d.o.f. and stability.



Null Energy Condition

There are known (real & effective) violations without
microscopic 1nstabilities in compact spaces:

Casimir in compact dimensions: Positive spatial curavature:
Mink* x T?
Massless fields
(—1 000 0 O \ . L\ 2 2
0 100 0 0 (E)_<E> :_4ﬁg<p+p__£>
_ 0 010 0 0 a a 3 a?
=Pl 0 001 0 0
00 0 0 -2 0 Effective NECv as seen from
\ 0 000 0 -2 .
Friedmann Eq.s



Bouncing Cosmology

Need congruence of converging geodesics to diverge.

Raychaudhuri’s Equation: e.g., § = 9, VHU" Congruence: /¥

do 129 A2 ~ 2 v
. . . . . do
From converging to diverging geodesics requires: Y > ()

Need T,LLI/U'LLUV<O or (2)#0

l l

Null Energy Vorticity
Violation

©1he CUMEI Program



Godel Metric

2v/2 sinh? rdodt

2
ds® = — (—dt2 + dr? + dy® — (Simh4 r — sinh? r) do*
W

)

Cosmological Constant +
Spinning Dust

Stationary Universe:
Gravity balanced by rotation

Closed time-like curves for r > 1 (not our universe)

Can we put vorticity in compact dimensions?



Metric Ansatz

Spacetime : ~ R* x T?

ds? = —dt? + a(t)?dz? + L?(d0? + d¢? + d¢?) — 2eL(sin Odtdp, + cos Odtdeps)

| | |

FRW Standard

C t Vorticity
Onpac Geodesics along
R4 forced to move into
extra-dimensions
G, =8nG1T,,

Plug 1in a bouncing a(¢) and use Einstein’s Equations to get
energy-momentum tensor



The Energy-Momentum Tensor

ds® = —dt® + a(t)?dz? + L?(d6? + do? + do3) — 2eL(sin Odtdp, + cos Odtdeps)

to 0(62)2 .o .« 9 9
3€
Ty = —M2 (322 £ 3(2 — 1)2
tt 7<€a+(€ )az AT 2
626L2
:Ty: —M? (—2( > —1)ida — (e — 1)a* 1 4L2)

Consider 4D geodesic during bounce. NEC?

oo 2 oo
2@ 9 | T:cx N 5 € a
for L E, K]l = Ttt | .2 ~ M7 <2L2 2a>

Vorticity combats gravity!



The Energy-Momentum Tensor

ds® = —dt® + a(t)?dz? + L?(d6? + do? + do3) — 2eL(sin Odtdp, + cos Odtdeps)

However, must have NECv 1n compact directions.

€.9., for n* = (1707070707n670) = n'unVT/u/ — % sin 0 — 3%

with ng fixed by n¥n”g,, =0

But we can use Casimir!
C D

Can show T” can preserve the Dominant
Energy Condition

Don’t know: Microphysics of 77
Coming soon!



Why Relaxing/Bouncing for the
Cosmological Constant?

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



Why Relaxing/Bouncing for the
Cosmological Constant?

* Weinberg no-go: Fine-tuning to make V(¢) =0 and V’(¢) =0 1n the

same location.
\A ~

A4

| 2wy

J’= 0 ubiquitous

* Phase transitions: If the CC i1s tuned in the early universe, phase
transitions (QCD, EW, etc) will de-tune it.

Relaxing can tune the CC 1n the Standard Model vacuum. The
bounce reheats above phase transitions and cosmic evolution brings
us back to the tuned CC.



Concerns: Field Traversal

V(¢)

Examples in string
theory suggest that

traversing more than

5 M, brings down large
numbers of states.

Looks naively bad
w.r.t. the Weak Gravity
< > M/MV\WWW Conjecture.
4
Al

A¢ m~J A_%Mp

Effective field theories below the Planck scale,
however, can reproduce such effects without large
traversals in the UV

Clockwork: Choi, Im (2015),
DEK, Rattazzi (2015)

Other complaints: tiny global charges, large excursions can’t be tested in our universe, ...



Aside: A Clockwork Axion

N—1

= A
V() = Z (—m%j% T Z‘¢;¢j‘2> + (eqﬁ}qﬁﬂ + h.c.)

i=0 i=0

N N—-1

1 .

5 E 0,0t + ef? E et BT 1=m) /(V2F) L e
7=0

i=0



Aside: A Clockwork Axion

( 1 -3 0 O \
~3 10 -3 0 L : ,
0 s 10 3 eigenvalues:
0 0 -3 10
M} = ef? . ms = ef*(10 — 6cosd), 0<6<2n

plus zero mode

\ -3 9 /
ST _ 101 1
0 N ( L5 3 3N )
a -
An effective large ‘f’ from suppressed w.f. overlap: ~~ HFYH m

3272 (3N f)



The Add-ons:
Making a fully phenomenologically viable model



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



Higher CC

Must raise untuned 1nitial CC above ~weak scale to be consistent with LHC, etc.

A2
H} <V = g>—-
pl
’ Fast roll begins: ¢° My ~ A5
(AF 5 43 My
v (
M Add LR E
g3 M ~ Al /
| i ) A/ 2 2 ? I
/\u AN l // A”[pl For small H, AL + (mA/ + Kk F fk) =0
247D 4
\' M Once ¢ 2 mar, then AL modes become unstable

f
Anber & Sorbo (2009
M~ A1~ 10 GeV noer & Sorbo (2009



Higher Stages

Must raise untuned 1nitial CC above ~weak scale to be consistent with LHC, etc.

A second axion with a steeper slope

Now need to stop in an actual barrier instead of falling below zero CC
Naturally will get this stage to go first and tune CC down to at least 10 MeV
Appears to raise the CC to at least 1 TeV with just one more axion

Many stages may allow us to raise all the way to nearly M),



Cosmology



Timeline of the Universe
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Cosmology

CC relaxation happens during a period of slow-roll inflation. Can this be
our inflation?

This makes universe very flat, homogeneous, etc.
But had to inflate down to p ~ meV4 — far too low to start BBN etc.

So need contraction and a bounce to raise energy density and “start” the
universe

Does this mess up homogeneity, flatness, etc?

Can we get perturbation spectrum right?



Standard Cosmology

1
aoH |

comoving scale

Normally Hubble of inflation 1s much larger than Hubble today



Our Cosmology

Just assume expand with steeper slope than contract, then flat spectrum 1s automatic

Now perturbations can enter at larger Hubble than they left

: erturbations from inflation =® start with flat spectrum
P P
5

12?‘709

Grow during contraction?: 6¢) + H 6¢ + k2 6¢p = 0

Possibly not — scalar curvature conserved

Could be other sources (curvaton, thermal,...)

All perturbations have same contraction period
=¥ get flat spectrum!

Observed perturbations arise from early inflation
bounce when universe was much bigger than today

> (0

So our model 1s: during inflation the CC drops, then gets stuck at reheating,

giving today’s small CC

still preliminary...



Signatures



Signatures: Dark Energy E.O.S.

Rolling field should be rolling today

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

\‘V po = measured CC today

p2 = what we scanned down to

. 2 2
oW ~ — ~ (Q)
0 01 (55 Lo Po
(_,00)\’ Currently constrained at the
Mplg 5% level

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

Could make a discovery, hard to rule out parameter space




Signatures: Coupling to Photons
Rolling field should be rolling today

Our axion has to have non-gravitational couplings, could couple to photons f—Fﬁ’
gl
. , ¢ B

A
Rolling axion =¥ polarization rotation of light A6 ~ —¢ =» Cosmic birefringence in CMB
gl

Current limit from Planck (and BICEP/Keck, etc): Af < 0.5° ~ .009 Rad

. { My, |
(\w(—’) < 107"

4

\ 2
A"{])l H -9
< 2x 10771
/ )

Levon Pogosian, Meir Shimon, Matthew Mewes, and Brian Keating (2019)

Future CMB polarization measurements (e.g., CMB-S4, etc): Jw (



Signatures: Coupling to Fermions

% Py

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

Spatial gradient of axion field =¥

. ent of axion field 5, VO " b—>
spin precession in ‘axion wind’ f v .
E oe“e
\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



Signatures: Coupling to Fermions

Proton storage ring EDM experiment:
V. Anastassopoulos, et al (2016)

Stores protons for ~ 1000 s

Measure spin precession to 10-¢ rad

10.4m,
L, s KLk R TG R %,
P ' ka o A ka " P \3'9’:%
. v, k. I P ‘\:\'-:5
Allows it to push past astro bounds f ~ 10° GeV e £
S k4 kg %
F ks ks ",
T ka kq %
{ ks ky tf
Appears to be the best ‘dark energy in {n 1
k2 k2
the lab’ experiment ki k1
- k3 k3 J
kg k.
% kg kg
kg kg _"\
/'_" kg ¥ _\
Ko ki kg N
s, k3 kg X
: : :(.. k3 k1 ko k1 M8 k‘-‘\. N
T p—

in progress with Yannis Semertzidis, S Haciomeroglu, Z Omarov...



Summary

Demonstrated a calculable solution to CC problem (assuming a bounce).
Only known solution with no sickness all the way up to My

- Dynamical relaxation like a 1D landscape (avoids Weinberg’s “theorem’™
by large field range).

- However has deterministic dynamics which drives universe to low CC,
instead of anthropics

Future

* we have a calculable bounce but still have to get 1t in our model
* check inflation...

* better models/other 1deas?

e observables — look for 1t!



Thank you!



