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While the universe is observed to be incredibly big, physicists calculate that
it must be tinier than a proton.

Can you get rid of all the energy in the room in which you are
reading this? Move the room far from the earth’s gravity, then toss
out everything made of matter so you can cross off mass, kinetic,
and potential energies. Also pump out the air, the cosmic rays
constantly streaming in, and the fog of neutrinos that were made

during the Big Bang. Next, kill the energy in photons: darken the
room completely, and clear away the microwave radiation left over
from the infant universe.

Now all that’s left in your room is empty space, and no energy —
right? No! Your room still has “dark energy”. In a patch of space the
size of your room, dark energy is so scant that it is nearly
impossible to detect. But across the cosmos, which is full of space,
it contributes a titanic 70% of all energy. Matter, in the form of stars,
gas, and the mysterious dark matter, supplies most of the other
30%, while radiation in the form of photons and neutrinos chips in
0.01%.
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The hand of dark energy

The basic truth about space that Albert Einstein taught us is that it
is not a state of ‘nothingness’. Instead, it is a bendable, stretchable
medium that we occupy, much like water is for fish. Add energy
uniformly across a patch of space and that patch will expand (or
shrink, if the energy is negative). Each form of energy tells the
universe how to expand in its own way. This is much like how you
can inflate a balloon with air, water or sand, and in each case it will
have a characteristic look and feel.

Since dark energy dominates the energy budget of the universe, it
also dictates the rate at which space expands. We can reverse-
engineer this fact to estimate how much dark energy is present in
any volume of space, by considering the size and age of the
universe. Add too much positive energy and the cosmos would
expand too fast: galaxies would fly away from us faster than light,
so that only the regions of the universe nearest to us will be visible.
Effectively, this “observable universe” would appear to shrink. Add
too much negative energy and the universe would actually shrink to
a tiny point. The greater this negative energy, the sooner this event.

Everyone can agree that the universe is larger than India and older
than the Indus Valley Civilisation. These facts alone restrict the
density of dark energy to the caloric content of a pinch of sugar in a
cubic metre. In reality, the universe is wider than billions of
lightyears and older than 10 billion years, so the dark energy is
actually as dilute as one sugar crystal in a cubic kilometre.

The problem arises

And here is the crisis: the calculated dark energy content of the
universe, based on theory — a bread-and-butter particle physics
calculation — is bizarrely off the mark. In the simplest estimate,
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there should be enough energy in a cube with sides of length 10720
cm to unbind the entire Milky Way, yet in reality there appears to be
much, much less. Nobody knows a convincing way to get around
this. This is to say that while the universe is observed to be
incredibly big, physicists calculate that it must be tinier than a
proton. This, in a nutshell, is the cosmological constant problem,
and it has come to be called rightly as “the worst theoretical
prediction in the history of physics”.

How is the amount of dark energy predicted from just theory? To
begin with, particle theorists have a pretty sharp notion of what dark
energy is composed of. (This situation is different from that of dark
matter, whose identity is a total mystery.) There are three
unavoidable quantities that behave exactly like dark energy.

1. The weight of the vacuum — Einstein realised that space
supplied its own energy and that it was spread uniformly, i.e. an
energy that was a “cosmological constant”. Back then, physicists
believed that the universe, instead of expanding, stayed still. So in
his equations, Einstein cancelled the cosmological constant against
the energy of matter. But when he soon learnt from astronomer
Edwin Hubble that the universe is actually expanding, he rued the
missed opportunity to forecast this observation, calling it his
“biggest blunder”.

2. Zero-point energy — Thanks to Heisenberg’s uncertainty
principle of quantum mechanics, any physical system has a
minimum positive energy. This is also true of quantum fields that
source elementary particles such as electrons and photons (like
sugarcane sources sugar cubes). These fields fill space, thus
furnishing energy at every point in the universe.

3. Field potentials — All fields have kinetic energy, but certain fields
that carry no quantum spin, such as the Higgs field (which sources
the Higgs boson), also have potential energies. They also
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contribute energy to every point in the universe.

The fine-tuning

Contributions 2 and 3 are calculable in theory, and end up
supplying an enormous amount of energy that should make the
universe smaller than the proton. But contribution 1 is unknown.
Imagine trying to buy a ship of unknown cost using all your stocks
and real estate, and getting a paisa back as balance. Wouldn't you
suspect the seller of tuning the price over nine decimal places?

The cosmological constant appears to be fine-tuned over a
breathtaking 122 decimal places. That really is the heart of the
problem: what is the mathematical principle that can explain away
this apparent fine-tuning? The possible answers — posited by
Stephen Hawking and Steven Weinberg, among others — are
equally dizzying, but that is for another day.

Nirmal Raj is an assistant professor of theoretical physics at the
Centre for High Energy Physics in the Indian Institute of Science,
Bengaluru, and tweets at @PhysicsNirmal.
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Technical appendix
dark energy-dominated universe assumed throughout

dark energy density as a function of horizon radius

3 1 2
in60):= rhoDarkEnervrA[rA_(xcmx)] (xGeV4x) 1= — | ——— | MP1?
8 7 \rA cmtoinvGeV

linear size of India: constraint on energy density

neetl= rIndiacm = \/ 3.3 % 16° « (kilomtocm) (xcmx)

rhoDarkEnervra[rIndiacm] (xGeV*x)
% GeVtoinvem® (xGeV/cm®x)
% GeVtod (xJ/cm)
% (10%)° (x3/m+)
outeeil= 1.816590212458495 x 108
outee2l= 2.1106561961249756 % 107
outee3l= 2.7190796292237955 x 1034
outeedl= 4.356445201920361 x 1024

outiessl= 4.3564452019203613 x 103

dark energy density as a function of Hubble time

In[666]:=
3 1 2 >
rhoDarkEnervtA[tA_(«secx)] (#GeV4x) 1= — [—— | MP1
8w \ tA stoinvGeV
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time since Indus Valley Civilization: constraint on energy density

In[667]:=
tIndusValley = 56000 yr // N

rhoDarkEnervta[tIndusValley]| (xGeVx)
% GeVtoinvem® (xGeV/cm®x)
% GeVtod (xJ/cm’x)
% (102)° (x3/m+)
oute67]= 1.5768 x 1011
outiees]=  3.0928628207140123 x 1034
outse9)l= 3.984419777710289 x 107
out[670= 0.006383743321264067
out[671]= 6383.743321264067
= one pinch of sugar: about 1 calorie = about 4200 Joules

= this limit on the dark energy density [though negative] is more restrictive than India's size, so the article
states this one

now more accurate estimates

(1) observed universe radius

In[672]:=

robsUniv = 10 % giga » pctom » mtocm

rhoDarkEnervra[rObsuUniv]
%/MP14(*P'Lanck units; this estimate is just 1 decade short of actual measurementsx)
%% GeVtoinvem® (xGeV/cm®x)
% GeVtod (xJ/cm®x)
% (10°) % (x3/km*x)
outfe72]=  3.0842207999999994 x 10?8
out673]= 7.322181898269284 x 1048
outje74]=  3.3052262310525613 x 10124
outfe75]= 9.43289375010858 x 107
outfe76]1= 1.5113159716332394 x 1016
out6771= 0.15113159716332394
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= hence caloric content of 1 sugar crystal [1 Joule] in a km?

(2) age of the universe

in678;:= tObsUniv = 13.8 giga yr

rhoDarkEnervta[tObsUniv]
%/MP14 (¥*Planck units; this estimate is close to actual measurementx)
%% GeVtoinvem® (xGeV/cm®x)
% GeVtod (+J/cm®)
% (10°)° (x3/km’x)
outis7sl= 4.351968 x 1017
outis79)= 4.0601538814246123 x 1047
outieso}= 1.8327497592167807 x 10123
outfesil= 5.230544761749487 x 106
outies2l= 8.380255357677048 x 1016
outee3l= 0.8380255357677048

= caloric content of 1 sugar crystal [1 Joule] in a km?

energy density as a function of QFT cutoff

In[684]:=
rhoDarkEnervLambda[A_(xGeVx) ] (#GeV4x) := A%;

(xcutoff at Planck scalex)
rhoDarkEnervLambda [MP1] (xGeV*x)
rhoDarkEnervta[tObsUniv] /% (xdiscrepancys)
%% GeVtoinvem® (xGeV/cm®x)
% GeVtod / cmtom® (x3/m*x)
% (1072°)°

outfessl= 2.21533456 x 1076

outressl= 1.8327497592167807 x 10123

outee7l= 2.85393285987103 x 10117

outessl= 4.572503865043923 x 10113

outiesol= 4.572503865043924 x 1053
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m SO 4.6 x 105 Jouleinacubeof side10°2°m

= now let's estimate the Milky Way's binding energy

inf620]:= MassMW = 10'2 MsoltoGeV; (%*10'2 solar masses in GeVx)
RadiusMW = 30 kilo pc cmtoinvGeV; (%30 kiloparsecs in GeV-lx)
3 MassMw?
5MP12 RadiusMw
% GeVtoJd

oute90l= 1.0917977879891175 x 1063
outeot]= 1.749252645576339 x 1053

= hence enough energy in a cube of side 1072° m to unbind our galaxy

horizon radius as a function of QFT cutoff

In[692]:=

3 P
rvLambda[A_ (*GeVx) ] (xcm*) := — —— invGeVtocm; (xcmx)
8nm A2

rvLambda[MPl]

out6e3l= 5.6072001307642975x 1034
» much tinier thanproton [107'% cm?] if cutoff is Planck scale

in[6941:= rvLambda[246]
out6941= 1.379099192714254

m size of a thumbnail if cutoff is electroweak scale



