
A Quantum-Mechanical 
Mechanism for Reducing the 

Cosmological Constant

arXiv:2202.06977, arXiv:2202.08860, arXiv:2204.13124

Nemanja Kaloper
UC Davis

Madrid  October 2022 last paper with A. Westphal



Before we start…

• What does it take to ‘solve’ the 
cosmological constant problem??? 

c.f. a useful reference is the talk
by Polchinski at a Solvay meeting,
hep-th/0603249 [hep-th]



Cosmological Constant Problem
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Symmetry constraint?

NO!

Smooth 
adjustment?



• Cosmological constant problem is not a UV nor an IR problem; it is an ALL 
SCALES PROBLEM

• ANY hard particle at any mass threshold contributes     : quarks, tau, mu, e, 
neutrinos… and whatever else is in the universe - and none of it (except maybe 
neutrino’s) add up to cc.

• Actually Pauli already knew this in ‘20s… we seem to have forgotten it

• An important point: this is where cc could be different from Higss mass: Higgs is 
near the “top” of the known particle spectrum; maybe a minor fine tuning of the 
top quark contribution and/or strong coupling effects along with absence of 
everything else - can make it natural.

• THIS IS NOT POSSIBLE FOR COSMOLOGICAL CONSTANT!

• If we do not want to violate locality and causality (read: mess with gravity and 
QFT in a big bad way)… that leaves one option

• DECAY!

ISSUE:
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Stairway in Heaven

<latexit sha1_base64="07iT0po92+bKanhNo3gbFs8wzq0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQCm5ciFSwD0hDmUwm7dBJJsxMhBL6GW5cKOLWr3Hn3zhpK6jogYHDOecy954gZVQqy/owSiura+sb5c3K1vbO7l51/6AreSYw6WDOuOgHSBJGE9JRVDHSTwVBccBIL5hcFn7vnghJeXKnpinxYzRKaEQxUlryBtc6GiJ4Aa1htWaZ582649ahZVpWw3bsgjgN98yFtlYK1MAS7WH1fRBynMUkUZghKT3bSpWfI6EoZmRWGWSSpAhP0Ih4miYoJtLP5yvP4IlWQhhxoV+i4Fz9PpGjWMppHOhkjNRY/vYK8S/Py1TU9HOapJkiCV58FGUMKg6L+2FIBcGKTTVBWFC9K8RjJBBWuqWKLuHrUvg/6TqmXTfdW7fWulnWUQZH4BicAhs0QAtcgTboAAw4eABP4NlQxqPxYrwuoiVjOXMIfsB4+wQXypCJ</latexit>

⇤ = 0

<latexit sha1_base64="kqg9rB7yqRq7R3b++otQtavOmA4=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyWRoi4LblyIVLAPaEKYTCbt0MkkzNwIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOedy554gFVyDbX9bpZXVtfWN8mZla3tnd6+6f9DRSaYoa9NEJKoXEM0El6wNHATrpYqROBCsG4yup373kSnNE/kA45R5MRlIHnFKwEh+9ci9NeGQ+LkLgLnkwImY+NWaXbdnwMvEKUgNFWj51S83TGgWMwlUEK37jp2ClxMFnAo2qbiZZimhIzJgfUMliZn28tn3J/jUKCGOEmWeBDxTf0/kJNZ6HAcmGRMY6kVvKv7n9TOIrrycyzQDJul8UZQJDAmedoFDrhgFMTaEUGVOp5gOiSIUTGMVU4KzePIy6ZzXnYt6475Ra94VdZTRMTpBZ8hBl6iJblALtRFFOXpGr+jNerJerHfrYx4tWcXMIfoD6/MHZ6OV1A==</latexit>

⇤initial

Single tower of states will 
not do

Either initial CC must be 
tuned or the step must be 
tiny.

However…
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Two towers with mutually 
incommensurate steps will 
do the trick!

CC is unstable, it decays 
toward the attractor where 
dynamics stops.

As long as the last gap is 
wide enough we can fit the 
“real universe” inside it, all 
60ish efolds of inflation, 
reheating, BBN, etc etc
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Dense set of states,
adjustment by 
Brownian motion!



Hiding in Plain View…

• Gravity has latent discrete degrees of freedom which 
persist in the far IR

• `Teasing’ them out uncovers new symmetries; interpreting 
those as gauge symmetries requires introducing charges; 
fluxes sourced by those charges and their discharge 
realize a very simple, GR-only example of Landscape 

• Let’s see how this simple Landscape relaxes the 
cosmological constant to zero without deploying 
anthropics



Hidden Degrees of Freedom of GR
• Usual textbook statement: the measure in GR is unique.

• NOT  TRUE!

• This measure is perfectly valid: but this is BD-like: 

• Project out the local fluctuations; add

• Couple QFT minimally, and consider

• Locally, this is JUST GR!!!
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Proof

• Vary the action: 

• Here         are integration constants due to the (rigid) gauge 
symmetries of  

• Now manipulate the eqs a bit: substitute bottom 2 into the top 

• Locally this is just GR!!! BUT: a fascinating new thing happens

• Since         are integration constants this is infinitely many GRs!
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• Since          are completely arbitrary - they are fluxes of 4-forms - 
the meta-theory has infinitely many versions of GR which behave 
as superselection sectors as long as the QFT parameters are 
fixed. These sectors, for now, do not mix. 

• However, if there is a QFT phase transition, which changes QFT 
vacuum energy, then the superselection sectors can mix - 
transitioning into one another.

• To generalize the theory promote rigid to local gauge symmetries: 
add charges sourcing 4-forms; those are membranes.

• A landscape of couplings - which is spanned by fluxes

A Proto-Landscape
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• Replace 4-forms by their magnetic duals - analogous to E&M, 

• The trick: use 1st order path integral & integrate out 4-forms

• Answer:

• We could have started with this action - it is technically simpler; note the 
topological sector

• For simplicity here I will `freeze’ the Planck scale by decoupling B-membranes

Dual Description
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• Replace 4-forms by their magnetic duals - analogous to E&M, 

• The trick: use 1st order path integral & integrate out 4-forms

• Answer:

• We could have started with this action - it is technically simpler; note the 
topological sector

• For simplicity here I will `freeze’ the Planck scale by decoupling B-membranes

Dual Description
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• The idea: Euclideanize the action and consider semiclassical 
discharge processes by solving equations with membrane sources 
and cosmological constant alone, taking the bulk geometry to be 
locally maximally symmetric 

• Construct instantons which change the geometry as sourced by 
membranes and compute the bounce actions which control 
instability rates

• Will find that           are not constant but change discretely, 
controlled by membrane charges and tensions

• Will focus on the differences relative to Brown-Teitelboim (BP). 

• The bottomline: dS is unstable. It decays to Minkowski.  (Almost) 
Flat space is the accumulation point - i.e. quantum attractor.

QM of Fluxes and Membranes
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Euclidean Field Eqs
• Bulk:

• Membrane junction conditions:

• 3-form boundary terms all cancel out

• Bulk solutions: sections of (horo)spheres, we glue them together
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de Sitter Instanton Surgery



de Sitter Instanton Surgery



• Bulk sections:

• Junction conditions: massaging the eqs, can rewrite them as
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A Crucial Feature of Junction Conditions
• The junction conditions are controlled by 

• This differs from BT (BP) in a crucial way: in BT the junction 
conditions depend on charge QUADRATICALLY - one 
power of charge and one power of background flux

• IN OUR CASE NOT SO - the instanton junction conditions 
do not care about the background value of the flux

• They only care about 
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Instanton `Baedeker’
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Why is this happening???



Bounce Action and Decay Rate
• The rate and bounce action are defined by 

• The bounce action evaluated on the instanton is 

• (After quite a bit of algebraic tedium)

• Using these formulas we can calculate the rate for any instanton from the `Baedeker’; in 
some cases it diverges (the corresponding entries are crossed out). 

• These formulas are identical to Brown-Teitelboim (Coleman etc too), except that the 
differences in junction conditions produce different final answers.
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An Example of a `Gold’ Instanton

This instanton mediates processes that lead to the decay rate which does not depend 
on the background cosmological constant and so it can overshoot Minkowski space. 
This instanton is unavoidable in the quadratic flux models like Brown-Teitelboim (BP).
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An Example of a `Green’ Instanton

This instanton mediates processes where discharge rate DOES depend on the 
background cosmological constant. This selects Minkowski as the accumulation point 
of the evolution and makes (almost) Minkowski (quasi)stable.
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The Green Spectrum



Cosmological Constant: No Problem!
• Define the problem first 

• So:

• Thus the CC is unstable - BUT - to make it arbitrarily small 
eventually we must either take a tiny membrane charge or fine tune 
initial value

• This is the problem.
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The Superselection Sectors in the Spectrum

Each color is a set of levels for a fixed superselection sector; they do not mix.
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The Resolution: Add One More Charge

• As a result: 

• Here,            are any pair of integers; since the ratio of charges is 
irrational,            exist such that CC is arbitrarily close to zero! 

• The idea is this is achieved by a long sequence of membrane nucleations/
discharges where cc changes discretely from one to another, mediated 
by the `green’ instantons, and continuing as long as CC is nonzero

• As CC approaches zero the nucleation rate becomes tiny since 
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QÂ

QA
= ! 2 Irrational Numbers

<latexit sha1_base64="7g5J/XCUAtL0BNWO6oXIfNhZ0Jo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBPUY8OIpRDAPTJYwO5lNhszOLjO9Qgj5Cy8eFPHq33jzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5nfuuJayNi9YDjhPsRHSgRCkbRSo+1C9IdUiQ10iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5xVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGN74E6GSFLlii0VhKgnGZPY+6QvNGcqxJZRpYW8lbEg1ZWhDKtgQvOWXV0nzsuxdlSv3lVK1lsWRhxM4hXPw4BqqcAd1aAADBc/wCm+OcV6cd+dj0Zpzsplj+APn8we8mo+0</latexit>

N, N̂

<latexit sha1_base64="7g5J/XCUAtL0BNWO6oXIfNhZ0Jo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBPUY8OIpRDAPTJYwO5lNhszOLjO9Qgj5Cy8eFPHq33jzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5nfuuJayNi9YDjhPsRHSgRCkbRSo+1C9IdUiQ10iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5xVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGN74E6GSFLlii0VhKgnGZPY+6QvNGcqxJZRpYW8lbEg1ZWhDKtgQvOWXV0nzsuxdlSv3lVK1lsWRhxM4hXPw4BqqcAd1aAADBc/wCm+OcV6cd+dj0Zpzsplj+APn8we8mo+0</latexit>

N, N̂

<latexit sha1_base64="aC+b9d9ZdDgRCOu56FG9WH/93G0="></latexit>

Sbounce '
24⇡24

eff

⇤out
! 1 ) � ! 0

<latexit sha1_base64="IvTekI1Vqg3HAqtokNFW5qlalCE=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ie0oWy2k3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxjfzvz2E2gj4ugBJwn4ig0jEQrO0EqPWQ+RQhhO++WKW3XnoKvEy0mF5Gj0y1+9QcxTBRFyyYzpem6CfsY0Ci5hWuqlBhLGx2wIXUsjpsD42fzgKT2zyoCGsbYVIZ2rvycypoyZqMB2KoYjs+zNxP+8borhtZ+JKEkRIr5YFKaSYkxn39OB0MBRTixhXAt7K+UjphlHm1HJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcKJIs/klbw52nlx3p2PRWvByWeOyR84nz/K5pBq</latexit>

eff

<latexit sha1_base64="4sc16VZaXAyiBqYWa0m6q4UOXUI="></latexit>

⇤total = 2
eff

⇣ ⇤0

M2
+

QA

2

�
N + N̂!

�⌘
.

arXiv:2204.13124

Banks, Dine, Seiberg, 1991 Other ways too!



On Irrational Behavior…
• Picking mutually incommensurate charges is technically the 

simplest way to get the CC jumps to combine into a dense 
discretuum

• Note that as long as there is no scalar field transforming under 
both shifts there is no emergent global symmetry

• The fluxes and their changes do need to be large, but… they are 
not super-Planckian

• There is other ways to get irrational variations of CC 

• In principle higher order corrections do not have to be universal 
and can induce mutually incommensurate contributions
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Fine Structure of the Spectrum

Now all the superselection sectors mix together because there 
are two discharge channels and the CC=0 is the accumulation 
point since it is the only stable state in the spectrum
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Approximate Density of Occupied States
• The evolution by discrete emissions realizes the density of 

states of the cosmological constant advocated by Hawking 
and Baum in 1984, 

• This is in the leading order of the approximation which 
suffices here

• The conclusion is, that due to the irrational ratio of 
charges and the evolution controlled by `green instantons’ 
since 

<latexit sha1_base64="Y+07FI3zEFPAjtDQ6qbbEeLKrwk="></latexit>

Z =

Z
e�SE ' e�Sclassical =

8
><

>:

e24⇡
2 4

eff
⇤ = e

Ahorizon
4GN , ⇤ > 0 ;

e⇤
R
d4x

p
g = 1 , ⇤ = 0 ;

e�|⇤|
R
d4x

p
g ! 0 , ⇤ < 0 , noncompact .

<latexit sha1_base64="mjw3+N/JUFFH/3IB0gZ6SuFDavU=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGMlEbwkkBxhbzOXLNnbO3f3hBDyG2wsFLH1B9n5b9wkV2jig4HHezPMzAtTwbVx3W+nsLK6tr5R3Cxtbe/s7pX3Dxo6yRRDnyUiUa2QahRcom+4EdhKFdI4FNgMhzdTv/mESvNEPphRikFM+5JHnFFjJf+RXBOvW664VXcGsky8nFQgR71b/ur0EpbFKA0TVOu256YmGFNlOBM4KXUyjSllQ9rHtqWSxqiD8ezYCTmxSo9EibIlDZmpvyfGNNZ6FIe2M6ZmoBe9qfif185MdBWMuUwzg5LNF0WZICYh089JjytkRowsoUxxeythA6ooMzafkg3BW3x5mTTOqt5F9fz+vFK7y+MowhEcwyl4cAk1uIU6+MCAwzO8wpsjnRfn3fmYtxacfOYQ/sD5/AF+0Y3f</latexit>

q < 1
<latexit sha1_base64="RQzB8KRg0VnpqeBm8sPvT9azuo0="></latexit>

⇤

4
eff

! 0 without anthropics!!!



Abbott?
• With wisdom after the fact, this reminds one of Abbott 1985 

 

• Abbot relaxed CC using a linear potential, with small bumps near the 
terminal value required to stop overshooting. 

• However since the bumps were negligible at large values of CC his 
evolution was completely classical - so the field always dominated the 
geometry and generated the empty universe problem!

• We evade this problem since evolution is quantum Brownian drift and the 
terminal value is the asymptotic attractor!!!



Inflation? 

• Because the evolution is by discrete jumps and CC=0 is 
the “semi-classical attractor” it is possible to have the 
jumps finish before the last stage of inflation, like in BP.  
There may also be interruptions that could yield 
observational signatures.

• The universe also `restarts’ itself by up-jumps; eg evolution 
brings it close to zero CC, and then a jump to a large value 
occurs; the universe recycles itself. In classical limit, this 
requires NEC violations, but in QM it is perfectly 
reasonable.



Current Dark Energy? 
• In the framework with irrational charge ratio CC = 0 is the favored value. 

So how can it ever be nonzero at late times??? 

• The trick is, membrane emissions dramatically slow down at late times; so…

• A LATE STAGE PHASE TRANSITION WILL SET CC TO A NONZERO 
VALUE  WHICH  WILL BE METASTABLE!

• So imagine a world where the analogue of the SM is much heavier; so heavy 
that whatever phase transitions may occur, they happen BEFORE the 
membrane emissions stop

• Now add to this world a `neutrino’. Let neutrino get its mass - milli-eV - by 
a very late phase transition 

• In such a world this will completely solve CC - statistically selecting a small 
cc and inducing late acceleration - without any invocation of the anthropic 
principle! 

X X X
Early phase
transitions

`Decoupling’
of membranes

`Neutrino’ mass
phase transition

X
Inflation



Summary
• Properly understood, there is really infinitely many GRs and the 

one we use to describe the universe is an a posteriori fit. There 
is a single action for all of them (a.k.a. GRs span a landscape). 

• Each specific choice of parameters looks like a superselection 
sector, but dynamics induced by charges (fundamental, or 
“emergent”) mixes them up

• dS is unstable and decays to Minkowski - this is a good thing, 
since it can relax CC

• dS may be pretty long lived - a good thing too, inflation can 
work

• SM parameters may also be subject to such discrete variations; 
those should also be included.


