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A: outline

= The genesis of the problem

= Separating tssues

= Another try: here we go again

= What are we tn fact testing here?



cosmological experiment of Archimedes

Number of galaxies in the vistble universe: 1011

Number of stars tw a galaxy: 1011

Sol: a tapicaL star
= M_ | ~ 1030 Rg ~ 1057 GeV

SO

Hewnce: visilble cosmie mass Ls M ~ 1078 GeV |

Size of the universe = Age (standard candles) ~ 2 x 1010
light years ~ 2 x 1022 gv-1

Hewnce: Vistble mass olewsitg LS

S M 3 10
Puisible = 1 RS ™ 4x (2 x 10%3)3 :




what about GRAVITY!!

Direct measurement of motion of galaxies and clusters
showed that the total mass could be greater by as many as
two orders of magnitude!

Ptotal = 10_126\/4 > Puvisible

Fritz Zwicky, 1920: a simple hypothesis:
There Ls INVISIBLE mass tn the universe;
we feel its gravity.

Betting on the Copernican principle:
NOTHING spectal about tervestrial physies!




A

« Bronstein and Paull, 1930’s - “...the radius of the world would wot even reach to
the Moow...”

= In the 60’s, Sakharov and Zeldovich started to worry about A because of
uantum Mechaniles: guantum vacuum s a ”happewiwg ” place!

- Oscillators tn a box of size L and lattice spacing a:
E(w)= w (n+1/2), €_ =2 /2

W ~1/>\j ~ leJ,/L,, o<k<N=L/a, J =422

N — ——

L L~ a*

k k k N4 L3
£ Z 1 T+ K2 + K3

kl ak2 7k:3

= Vacuwm energy density: A = &/Volume

1
A~ —
a?
« A lives at the LV cutoff - and wants to be BIG! ... it Ls UV sensitive!
« THUS (T MUST BE RENORMALIZ ED!




what Ls vacuum energy?

Consider matter QFT coupled to semiclassical gravity.
Renormalize QFT; naively, the cosmological constant is just
another coupling in the effective action of gravity:

S = /d4x\/§{A + MTL%R — »Cmatter}

Nwmerically, this looks Like
S = / d4x\/§{0(10_60) + O0(10%)(tiny) curvature + O(1)subnuclear physics}TeV4

Appears as a hierarchy problem in quantum field theory...



Renormalizing A tn GR
(det 9)1/2 Ls not gauge tnvariant; but its spacetime tntegral is.

V = / d*x\/—g
The terme v the action ts V A @ it trades an inodependent variable
V for a new INDEPENDENT variable A (Legendre transform)

This is perfectly reasonable: measured cosmologieal constant s
the SUM of a quantum vacuum energ Y ANP a bare counterterm

Atotal — Aclassical =+ Aquantum

But stince Lwalepewdew’c V was traded for total A: cC is not
calculable; bare counterterme and so remormalized CC Ls totally
arbi’cmrgl



Where gravity falls...

f Vg A a [eyea:u{,e fransf.




Now: forget f(x)! can reconstruct it by solving g(y’)
= Xy - y?
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Solution not unigue if we don't kinow x| ln GR: x =

(det 9)1/2 a nonpropagating pure gauwge degree of
freedom: can be ANYTHING! So: we need a boundary
condition! (Elnsteln, Unimodular gR, 1919)



So we can't caleulate it, and fitting looks ugly

S = / d4x\/§{(’)(10_60) + 0(10°°)(tiny) curvature + O(1)subnuclear physz’cs}TeV4



who cares?

(s this a probLem? Huwg\jurg. Some say ”Hes, naturalwess... “,
sowme say, “nah, landscape, anthropies...”

The trouble with naturalmness Ls You don’t see Lt where You may
need Lt most (Higgs).

The trouble with anthropies is, whew oo you apply Lt? At the onset
of inflation? At reheating? At BBN? At the last scattering
surface? At recombination? At first light? ... At... now?

Awn example for both: a ultralight field (watural?) was a DE
yesterday and a DM today; when do you constrain it (Whew does
anthropies Rick in)?

what Ls Lt that You want to cancel anyway?

Take gmvitgj as a spectator; a probe. Just do QFT vacuum energy



Boxes and scales

To caleulate go to Local free falling elevator; set its size (backgrouno

curvature) ’/\

/

Fix boundary conditions on the sides - a cavity like in EEM

Caleulate away: once Yyou compucte the correctlons to the box stze...

=

The tneredible renormalized shrunwk box - every single time...
So... prop it back wp to large size... ete.

Your IR physics may wnot care so much about messing with boundary
conditions uf it depends on the box size only logarithmically;

but if it depends through powers... eg Higgs... something may be awry

The box s a patch of the real early universe. can't evaluate how fast it
expands. E)q:owewtf,aL ervors the Late volumee stze... Measures wncertatin?



Hard to adjust dynamically: the welnberg no-go

= Work tn 4D gmvi’cg, ﬁwitctg many fields, Poincare
sY mme’crg

5L

Field Eqs: 0b,,
0L

CWU(\/L’CH: 59/“/ =0

- Field egs are trivial; diffeomorphism tnvariance thew sets

L = Ay/det(g), and gravity demands A =0
« THAT IS THE FINE-TUNING!



what if gravity eqs are not tndependent???

, 0L 0L

The logic: replace V in the Binstein eqs by its PERIVATIVE

A~V —= A~V



But 4D too confining: weinberg no-go!

Sy mmetries reguire

~

L = V _g(Abare + Avacuum>€®0

S0 8L‘tl’lCY we set Abare + Avacuum =0 (ﬁWC-tMWLW@) oy WE

But: radiative stability requires Heff = Tl for all mass
scales tn the theory - L this Limatt they would all vanish



The cosmological constant problem

Bare counterterm s a completely free variable replacing
the total worldvolume of the universe

Ruantum vacuuwm energy UV sensttive: there are
infinitely many large corrections; counterterm needs to be
readjusted order by order

So: can we tame the ”osciLLatiwg 7 sertes, and make the
finite part UV-Lnsensitive?

tf yes, how do we fix its value?



Some Takeaways from Old Attempts |

Problem: equivalence principle - all energy gravitates

BY symmetries of the ce it can only go into the intrinsie
curvature

n selftuning brane setup, the 4d space was a subspace - so
has both extrinsic and Lntrinsie curvature

Good thing: can divert vacuuwm energy tn a radiatively
stable manwner to extrinsie cuvature

Bad thing: 5d differs bmply a conservation law - Gauss
Law for gravity
So geowmetry is either tuned or singular by backreaction



Some Takeaways from Old Attempts (1

4D normalized action
[ o (MER/2 — Lo — A)
J V9

Motivated by a search for a manifestly T-dual target space
string action

ST

Good thing: cancels the classical and tree Level ce, hiding
them tnto the Lagrange multiplier sector

Bad thing: not radiatively stable

Sepp = o+ ST+QST+Q*ST +... Q=ypu* [d'z/g

voluwme is like h : Loops change the dependence on volume
ldea: combine two setups and try to use only good things



A Road to Sequester

The ~run of the mill” way of thinking about the problem is
not utilizing the complete arbitrariness of bare A

Since it is an tndependent gauwge invariant parameter of
the theory, why wot vary with respect to it?

— / d*x/—gA

Naive variation would constrain the metric: / d*zy/~g =0
This Ls bad - not a Lot of room to fit a universe tn!

A hunt: Lsoperimetrio problem i vartational caleulus - add
a constraint which makes / d*z\/—g # 0

A
4

—/d4x\/jg[\—|—0(lu )



Sca LLV\,@

This fixes the worldvolume of the universe in terms of A
How oo we fix A?

\ M ponst
£<T77 =

\/ag

=O+@DO«Q)~ .

[gwnore virtual gravitons - tough enough without them!

VA ¢

ALL the Loops have engineering dimension 4 - because there
LS no external momenta

/\V: QIXW\M( D>:4|1Q(Tﬂ/\0§

vacuwm energy Ls the constant part of matter
Lagrangian - which has engineering dimension 4!

So let’s cancel the terms of engineering dimension 4



Vacuum energy sequester

= So wherever we have a maatter sector dimensional parameter
we tntroduce a “stiff dilaton” - a spurion

g A

/d% f( PLR -z ) — A +o(5aa)
= Next we promote it into an arbitrary global field like A
2 M M
My G v= 17 =/ d7
o v o (M
X"I/‘,\“' = Sﬁix (_? /\)\'1/,“* - —LIJAXT/\

= Out comes




New gravitational field equations

Separate vacuum energy from the rest:

M NodUCowsT
Tﬁv'_-/\\mc‘g u"'@ FAR™T

Plug tnto gravity egs using
J A= (T)/4=—A,.

2 M A I < *
Mp‘_q =0 v ""z<'-c °‘>é V
Vacuum energy completely cancelled from the curvature

Lrrespective of the Loop order Ln perturbation theory!!!

The geowmetry does not care about quantum vacuum Loop
correctLons anymore - Lt Ls mdiativetgj STABLE!I

-

/




out of the cauldron, but, ... tnto the firez...

This seems easy!!ll what's the “damage’?

MI’H:__>\ My e

—_—

MP( MP'—

SLWOC Mphys 7é 0— )\ 7& 0 and )\4,u4 — 0'// d4gp\/—g
the worldvolume MUST be finite! Otherwise we cannot
have nownzero rest masses of particles

To preserve diffeomorsphism tnvariance and Local Potncare
the universe must be finite in SPACE and TIME!

If one accepts this framework, thew the fact that we have
nonzero weltght IMPLIES the universe must END!



NowLoaaLitg? OK, NowLocaLL’cgl

There is residual, nonzero Leftover cosmological
constant
1 1 [d*xy/—gTH
Aegr = _<7'Mu> — _f I n
4 4 [diz\/—g

It Ls monlocal! (n timee, too! This Looks seary! But...

...a finite part of a UV sensitive observable cannot be
caleulated but muust be measured - and ce ts nonlocal!

Let stress energy obey null energy condition; the
integrals dominated by the largest volume

n big old tnflated universes the restdual ce is
SMALL !

Suffices to take integrals to be Larger than Hubble



The worst sacrifice: @M caLcuLabLLL’cg

= The actlon Ls not additive:

M? gHv A
- 4 — Pl 4 L
S_/d T/ g( 5 R — X\ L( )\2,@) A)—I_J()\‘l,u‘l)

= So the path integral does not really exist tn the usual sense

" + Amplitude

= The Feynman-Katz-Trotter formula won't work, right



A fix: global = / local

We want to tnterpret the global constraint as an
integral of a Local one; o — | f  wo new degrees of
freedom; we weed 1st order eg of motion!

n spacetime: the integrand must be a space-filling

AP 9 [moayr = [moa

wverting the ¢ < A = 'V () @) relationship:

/ (VatV (mo /1) + 5 moe™ )

This Ls the Llocal variant of the global constraint
Scale-transform the metric § do this twice



Local Sequester

! Theorg

mao cHVAT

4 w
)R — K V(,U_z) - ‘Cm(gl a(I)) + 4'\/5

M2, ul Mo

9 \[2 <'77'7-'Q5Fy.1/)\0 -1 A[(,) #_,,)\0.)
= ‘Pl

S = / (14:17\/§

= Eoms

A

Dpp = 0,0 =0, Funo = 1*V'\/G€mro Fune = —%/R\/ﬁqw,\a ,
MEUGH, =TH, — 'V, . )
Integrals are tools to extract the counterterms: we have two
counterterms, for Mp;, A and two fluxes, / F, / I3

ln vacuum

] 2 / ’
N/ 2 L . l L A/ 2 ‘/ f F CLL
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How does Lt worlke?

= Couwnterterm cancels quantum ce

= [ [ va= v —myga= 220" [ [ F

= RHS Ls mal'uat’u\/eLH stable stnce MpU s natural

(Mp")* ~ MU+ O(N) (Myy)* + > O()mi In(Myy /mar) + Y O(1)my, +

species species

« The main point: forms DO NOT gravitate since / F
are wetric Lndependent: no stress energy

= This violates WEP but at infinite wavelength - OK!

« But... where could such an action ever come from???



Hiding Lin pLalw view...

= lrrational axiow: aligned monodromy tnflation at
scales below the inflation mass! (Go on, compare...)

- Same here: flux mowodroma inflation at scales below
the axton mass (tlmes 2!1)

M2, Md 1 1, - 2 M2 .
/{@ b , mP o Q. M? Q)g}

PLU( R = L = 5(00)° = S(00) = (o + )2 = = (9 +

2 M2, 2 2 M
1 Vo 2 1 Qb 92 2.
+ ¢ (Qﬁ[,ﬁlma] + Qﬁ[uAuAa]) + (? +0) 59,2 € Tr(Guy Gro) + - ¢

= can tnclude guantum corrections to monodromies

) o VTR,
M M2 4z

m? Q. . mo+ Q M?, . Q
=6+ -V ,
2 0t ) M2 an ) y (P

= This is good below the cutoff M




rratlona LLtU

= Mownodromy-gauge theory coupling periods are
Lncommensurate

- At scales below confinement

mo + Q

Ve = VU 2 /4

Wwo
) + A [1 — cos(? + 6’)]
Ao \e o
= Fine structure of vacua!
« This theory has two outright “Lagrange multipliers”,
Q, Q and a very heavy field ¢ ; integrating them out
Yyrelds sequestration

" | 1, - MR U F
A-[]2312/{ G#l/ — T#l/ _ 1<T>O#U _ (mot o <‘/tot>) O,Lly o 2Pl u, C}O‘/tot fF + ...




‘/\res-z'.dua‘l — 2 U

The restdual cosmological constant

UV contributions removed bg Fe
what'’s left is

~

lp U 0 Viot f— , — 0V = i Sin (—
f F
Thus the restdual ce Ls

mJF

w U \[ W’CD

Aresz' ua L )‘4 —
) dual = U MF sin(— +0)

]I'
U U, fF are ~1, thus

F
M2
Aresidual = .F?iLl )\4 Sln(w‘/__.¢ -+ (9)

—[—
"1"’}

This Ls a LANDSCAPE!

Wo
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The vacua

= The cosmological constant is stable at scales above
and unstable below Mpr \4 but this is a Lot Lower than
p m
the cutoff; uf

mF  mF
= problem solved!

Me ™ <1072V

« f not, thew one needs an alternative = anthropics

B J[él )\4 iy ,‘] H A :\[él
f\'residual = — ']nf blll(w , + ) — f\'residual < 77?;

= The vacua with tiny cosmological constant are many
due to the Lrrational factor

\e




lrrational La ndscape

The asterisks are the vacua with very small cosmological constant due to w¢/F + 6 ~ 27mn.

: o M2 _ : : : : .
Alternatively, it £t M < 10712eV?, the cosmological constant is small in any intersection.



Summa Vg

Works around Weinberg no-go by utilizing non unigueness
of the measure of action and nongravitating forms

UV sensitive vacuum energy cancelled in the loop expansion
for matter fields - cc may be sensitive to (R physies

The vacua are a lLandscape, but a different kind of landscape -
controlled by (R

Step is small regardless of the initial valuwe of ce (tn contrast
to BP) and WV termes are cancelled (Ln contrast to BDS)

what of graviton Loops? Work in progress for mwow...

Are there non-anthropic means for choosing ce even with Large
wowperturbative gauge theory contributions? Do landscape
and perturbative (ol Yywa mteal...) naturalness coextst?...



... A resurrection of an ancient dilemma...

we are to adwmit no more causes of
natural thiwgs thaw such as are
both true and su{-ﬁaiew‘c to 6)<PL0(LV\,
their appearances.

This best of all possible worlds will
contain all possibilities, with owr
funite experience of eternity giving no
reasow to dispute nature's perfection.

...Could the answer be ...a compromise?...



