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COSMOLOGY

s the Universe
| eaking Energy?

Total energy must be conserved. Every student of physics
learns this fundamental law. The trouble is, it does not apply
to the universe as a wholeBy Tamara M. Davis

Y CAN NEITHER BE CREATED
nor destroyed. This principle, called
conservation of energy, is one of
most cherished laws of physics.
It governs every part of our lives:
the heat it takes to warm up a cup
fee; the chemical reactions that
produce oxygen in the leaves of trees; the orbit
of Earth around the sun; the food we need to
keep our hearts beating. We cannot live without
eating, cars do not run without fuel, and perpet
ual-motion machines are justa mirage. So when
an experiment seems to violate the law of ener
gy conservation, we are rightfully suspicious.
What happens when our observations seem to
contradict one of scienceOs most deeply heldno
tions: that energy is always conserved?

Skip for amoment outside our Earthly sphere
and consider the wider universe. Almost all of
our information about outer space comes in the
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form of light, and one of lightOs key features is

thatit gets redshifted\ its electromagneticwaves kKgy CONCEPTS

get stretchedl as it travels from distant galaxies
through our ever expanding universe, in accor
dance with Albert EinsteinOs general theory of
relativity. But the longer the wavelength, the
lower the energy. Thus, inquisitive minds ask:
When light is redshifted by the expansion of the
universe, where does its energy go? Is it lost, in
violation of the conservation principle?

Modern physics has shown that when we
move far from the comfort of our everyday lives
to explore the extremes of time and space, many ™
of our basic assumptions start to crumble. We
know from Einstein that simultaneity is anillu -
sion that changes based on the observerOs per
spective and that notions of distance and dura
tion are also relative. We now also suspect that
the apparent continuity of time and space may
be asillusory as the deceptively smooth appear

As the universe expands and
distant galaxies recede from us,
their light gets redshifted, thus
becoming less energetic.

This seeming violation of the
principle of conservation of
energy is actually not in con-
tradiction with accepted physi
cal laws.

According to the author, the
proper interpretation shows
that the energy of individual
photons is conserved. And
phenomena taking place
inside the galaxy generally
conserve energy.

—The Editors
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[ THE PROBLEM, PART 1 ]

WHY ENERGY £EEMSTO DAPHAR

Those who argue that the universe is losing energy base

their conclusion in part on the redshift of light.

The universe appears to be expanding, as if

space itself were getting stretched out. B ‘
In consequence, the electromagnetic » ;
waves that compose light get

stretched as well, shifting, in the

case of visible light, toward the red

part of the spectrurnglow.

Photons of longer wavelength have
lower energy, so logic dictates that

each photon must become less ener
getic as it travels toward us.

But does the universe as a whole lose
energy? The total energy of the photons in
the universe cannot be calculated, but one can \.
in principle calculate the energy contained within
an imaginary membrane that expands in concert with
the universea( right, the region inside a membrane is repre |
sented as two-dimensign&hotons can enter or exit through e . /
the membrane, but the uniform density of space tells us that the - » N
number of photons in the enclosed region will roughly stay constant.

Because each photon in the region becomes less energetic as space
expands, this calculation suggests that the total amount of photon l d LY S
|
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energy in the region and, by implication, in the rest of the universe
must be going down. e .
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ance of matter. Whatis there in physics thatwe foundation. But on a cosmological scale, energy
can rely on? Which of our deeply held principles becomes a subtle concept indeed, and that is
is pulling the wool over our mindOs eye and where things start to get interesting.
blinding us to the deeper truths? We physicists
spend our days challenging what is known SYMMETRY AND CEERVATION
and striving to discover where our knowledge is NOT ONLY HAS CONSERVATION of energy been
inadequate or just plain wrong. And history is  empirically validated many times over, but sci
littered with the debris of discarded misconcep  entists also have good theoretical reasons to
tions. Is conservation of energy one of those believe it. Our con!dence comes from German
misguided ideas? mathematician Emmy Noether, who put conser
Itis not. On the scale of individual photons,  vation of energy on a secure footing nearly 100
energy is always conserved, even as light gets red years ago, when she discovered that all conser
shifted. Likewise, for phenomenathat take place vation laws are based on symmetries of nature.
within our galaxy, violations are virtually impos - Usually you think of symmetry as something
sible and our cherished law remains on a sound you see in a mirror, a re"ection of some kind or

COURTESY OF ANDRE LINDE
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a rotation perhaps. An equilateral triangle is
symmetric because you can "ip it sideways or
rotate it one third of the way around, and you
end up with exactly the same shape. A square
also has symmetry, but you need rotate it only
one fourth of the way around to Ind an identi -
cal conlguration. The most symmetric of the
two-dimensional objects is the circle, because
you can rotate it any amount and re"ect it over
any axis through its center, and it remains ex
actly the sameNit displays what is called con
tinuous symmetry.

Physical laws, too, can be symmetric. The
passage of time does not change the laws of ra
ture; if you repeat an experiment many timesKN
for example, making billiard balls collide at a
given angleNthe resultis always the same. This
quality is known as time symmetry. The laws of
nature do not change depending on where you
areN so we have spatial symmetry. Nor do the
laws of nature change depending on the direc
tion in which you look (rotational symmetry).

piping-hot afterglow of the big bang itself. The
light we are seeing has been traveling for bil
lions of years, and in all that time, the Irst thing
it has hitis the mirror of our telescope. The wave
lengths of that light are our key to assessing
conservation.

In the 1920s Edwin Hubble discovered that

that the wavelengths of photons that were
emitted or absorbed by atoms (such as by

appear, when they reach us, to be stretched
relative to the wavelengths emitted by the same
atoms athome\ stretching roughly in proportion
with the galaxiesO distance. Infact, ever since the
discovery of this phenomenon, whenever astron
omers cannot measure a galaxyOs distance more
directly they instead give an estimate using its
redshift as a proxy.

Redshifts (and blueshifts) also happen all the
time here on Earth. Imagine driving past a pe
lice radar. As your car approached, the electre

Sure, the scenery may change depending onmagnetic waves from the radar would look

where you are standing, when you are standing
there and the direction you are looking, but the
fundamental underlying laws of physics that
dictate how that scenery behaves are indepen
dent of your location, orientation and time.
When a law remains unchanged regardless of
the situation, it, like the circle, is said to be con
tinuously symmetric.

What Noether discovered is that whenever
nature displays a continuous symmetry, a conser
vation law comes along for the ride, and vice ver
sa. In particular, spatial symmetry dictates that
momentum is conserved; rotational symmetry
ensures angular momentum is conserved; and
time symmetry means that energy is conserved.

So, saying that energy is conserved is as sol
id as saying that the laws of physics are the
same now as they were in the past and will be
in the future. On the other hand, were time
symmetry to break down, conservation of et
ergy would fail. As we will see, this is where en
ergy conservation may start to getin trouble in
EinsteinOs universe.

GO WITH THE FLOW

THERE ISNO BETTER WAY to test whether the
present matches the past, and thus to see if ener
gy is conserved in the universe, than to watch
the past in full live action through an astrono-

slightly shrunk to youR if you could see thenN
when they reached you. But after you passed,
the waves would look a bit stretched. This is the
Doppler effect: itis the electromagnetic equiva
lent of the familiar change in acoustical pitch
you would hear in a siren as it passes by. (The
police oflcer can tell if you are speeding by
measuring a Doppler shift in the re"ection of
the radar.) Although in this case the waves are
not in the visible spectrum, physicists still call
the stretching and shrinking of the waves red
shift and blueshift, respectively.

Cosmological redshifts, however, are generally
considered to be different from the Doppler
effect. Doppler shifts are caused by relative
motion. In that case, the photons are not losing
or gaining energy; they just look different to you
than they do to the emitter. In contrast, most
general relativity or cosmology textbooks say,
cosmological redshifts happen because as light
travels, the very space it travels in gets stretched
like the surface of an in"ating rubber balloon.

In fact, cosmological redshifts can happen
even when there seems to be no relative motion
at all, as the following thought experiment
shows. Imagine a galaxy far, far away but
connected to ours by along tether. Relative to us,
the galaxy is not moving, even as other galaxies
in its vicinity recede from us. Yet standard

merOs telescope. Our telescopes are now so pow calculations show that the light reaching us from

erful that we are able to see back to when the
Irst galaxies were forming and beyond to the
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the tethered galaxy will still be redshifted (though
not quite as strongly as the light from the galaxies

The metaphor
of the universe
as an expanding
rubber balloon
the light of most galaxies is redshifted: he found ShOUld be taken

with a grain
hydrogen) in all but the nearest galaxies to us Of Salt
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[ THE PROBLEM, PAR 2 ]

MORETRQJBLEH-OR EERGY CONERVAIION

Conservation laws are intimately tied to symmetries of nature. In particular, energy is conserved when the laws of nature have Otime symmetry.O Ti
symmetry is said to occur if any experiment gives the same results regardless of when it is performed. But if experiments can give different results ¢
different times, energy may not be conserved. An example is playing a bank shot on a pool table that has a changing geometry. At cosmological sce
our universe has a changing geometry, which once again implies that energy may not be conserved.

CURVED POQ TABLE EVOLVING GEOMETRY

To play on a table that has curved, orBudidean,O geometry, you have If the pool table has a geometry that changes in time, however, the shots that

to adjust your shots to the geometry. Still, if the geometry is !xed, the same worked in the past may not work agjaherefore, time symmetry is broken.

exact shot will work again in the future. Because of this time symmetry, in  Something similar can happen in the universe, because according to general

a universe with !xed geometry energy would be conserved. relativity the motion of matter and energy changes the geometry of space.
Under these conditions, energy need not be conserved. In particular, photons
may change in wavelength, and thus become less energetic, as they travel.
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in its vicinity, which have not been pulled out of
the "ow of the expansion). This redshiftis usually
attributed to the stretching of the space through
which light travels.

PEULIAR PHYCS
SO PHOTONS TRAVELING in an expanding uni-
verse appear to lose energy. What about matter?

o ="

—— First shot

which recede faster than near ones dd the pecu
liar velocity is small compared with their reces
sion. Atthe largest scales, the distribution of gal
axies is uniform, so local effects are negligible
and galaxies are essentially comoving. They can
be regarded as the dots on the balloon, that is, as
"ag posts of the expanding fabric of space.

A comoving frame of reference such as that

Does it lose energy, too? When we describe the de!ned by galaxies is very handy: for example,

motion of matter in the universe, we distinguish
between two different types. An object can just

it gives a universal convention for time, so that
everyone in every comoving galaxy would agree

be receding with the general "ow of the universeOs on how long ago the big bang happened.

expansion, just like dots painted on our balloon

would recede from one another as the balloon
in"ates. In cosmology, such an object is called
comoving. But an object can also have its own

to discover what cosmology can tea Chrugtlon ontop of the motion caused by the expan

about fundamental physics; for exampi2n. This second type is called peculiar motion,
about the nature of dark energy and daikd it takes place when something is dragged out
mattershe has won the Astronomical of the smooth "ow of the expansion by local
Society of AustraliaOs early careerre gftactg sych as the gravitational pull of a nearby

searcher award and tReAaJNESD | the thrust of ket
Women ifcience Award for Australia. galaxy orthe thrust of a rocket.

If an intergalactic traveler drifts for billions
of light-years, he or she will pass many of these
"ag-post galaxies. But because the universe is
expanding, the "ag posts are moving away from
one another, and our traveler appears to be go
ing slower and slower relative to each subse
guent galaxy he or she passes. So the travelerap
pears to slow down.

Thus, much as light loses energy by increas
ing in wavelength, matter loses energy by slow

Davis has also played on Australia®s na Galaxies themselves always have at least a bit ing down. At Irst sight those behaviors appear

tional ultimat&isbee team. of peculiar motion, but for distant galaxiesN
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mechanics unifies the two. In the quantum-
mechanical view of matter, particles that have
mass also have wavelike properties. French phys
icist Louis de Broglie found that the larger the
momentum of a particle, the smaller its wave
length and the greater its energst and he won
the Nobel Prize in 1929 for his discovery.
Particles of matter can have high momentum
by having high mass or high velocity, or both.
That feature explains, for example, why a base
ball does not appear to wiggle about in wavelike
motions after it leaves the pitcherOs glove. Base
balls are enormously massive in quantum terms,
and at the typical speed of a major-league fast
ball pitch (about 145 kilometers an hour) abase
ball has a wavelength of 1034 metersN not
something a batter will have to worry about. On
the other hand, an electron traveling at the same
speed has a wavelength of 18 microns: still
small, but 29 orders of magnitude larger than a

accounted for.)

A'rst problem they would face is that the uni -
verse may be in!nitely large and contain anin!-
nite amount of matter and energy. Thus, the ae
countants would need to take a shortcut. They
would draw an imaginary membrane around a
region of the universe and add up the energy in
side [see box on page 34]. They then would let the
membrane expand as the universe does, so that
comoving galaxies stay inside the membrane.
Light and matter can pass in and out of the mem
brane, but because the universe is homogeneous,
the same amount leaves as enters, so the amount
inside the membrane stays roughly constant. Our
accountants know that the whole universe can be
constructed from a series of such volumes. If the
energy in the universe is to be conserved as a
whole, therefore, itis enough to show that the en
ergy in any one of those volumes is conserved.

The calculation is easy to do for matter that

baseball®s, and very noticeable when it comes tois at rest just chilling out and going with the

the behavior of electrons.

When you calculate how much relative veloe
ity massive particles lose as they pass by their+e
ceding neighbors, you !nd that the de Broglie
wavelength of the particles increases by exactly

the same proportion as a photonOs wavelength matter that has peculiar velocity. Although the

does. Thus, light and matter seemto behave in ex
actly the same way when it comes to energy loss
in the expanding universe and in both cases it
looks as if energy conservation is being violated.
Inthe case of matter, the paradox is explained by
the fact that we are measuring velocity in differ
entframes of referencé thatis, relative to the re-
ceding galaxies. As we will see, something simi
lar happens with photons.

CREATIVECOUNTIS

WERE COSMOLOGICAL ACCOUNTANTS to verify
if the universe is losing energy, they might
attempt to tally up all the energy in the universe,
rather than focusing on one object at a time.
They might !rst add up all the energy contained
simply in the mass of the matter in the universe
(massm and energyE are equivalent following
EinsteinOg = mc¢?, wherec represents the speed
of light). Then they would add in the kinetic
energy related to the matterOs peculiar motion.
To that sum, they would have to add the energy
of light as well and then get to the complex job
of counting the energy in all the gravitational
lelds around planets, stars and galaxies, plus
the energy contained in chemical bonds and in
the nuclei of atoms. (Sound and heat are just the
motion of particles, so they have already been
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"ow of the expansion. Its only energy in this
case comes from its mass, and because no mat
ter leaves or enters the membrane, we know the
mass is conserved. But things are a bit more
complicated for light, as we have seen, and for II;ASZRZEL%@A IC
number of photons or of matter particles within | space within our galaxy
the membrane does not change, over time pho  expanding?
ton energy is lowered, as is the kinetic energy of No. Cosmic-scale expansion does not
the peculiarly moving matter. Therefore, theto-  effect the dynamics inside a galaxy.
tal energy in the membrane goes down. Once local gravitational effec_ts cause
The situation would be even more compli S(?V?ﬁxé fu]]?tr?é g;?ai);p:;;gn has no
cated if the accountants were to count dark en
ergy, which is what is causing the universeOs-ex Do photons from distant galaxies get
pansion to accelerate. The nature and proper redshifted because the universeOs
ties of dark energy are still a complete mystery, dﬁnsgy has been def]f]?asmg; Aftﬁr
but it appears that dark energy does not dilute i";n% 8;0259?Si{:t?jnéltzcrjav(\jliei:.t °y
as the universe expands. Thus, as the volume in e, but at any given time, the
our membrane increases, the amount of energy universe was uniform, so the density
in that volume increases as well, with the addi ~ of matter was the same behind
tional energy seemingly coming out of nowhere! 2 Photon asitwas in front of it
. . . . Thus, photons had no gravitational

One might think that the increase in dark ener gradient to climb out of.
gy could balance out the losses in all other forms
of energy, but that is not the case. Even if we Is entropy compatible with time
take dark energy into account, the total energy symmetry?
within the membrane is not conserved. Yes.In complex interactions of

How do our accountants reconcile these 233'%{?&;:22'F;:]?:hb\,;zak;nngg;iin
changing energies with NoetherOs theorem? In of the process is being plagfeel
fact, they would soon realize that there is no direction in which entropy increases,
reason why NoetherOs theorem should apply to Which is the direction of increasing
our changing universe. According to general disordeNevertheless, any single
relativity, matter and energy curve space, and gzretig;};i;n:ﬁ;igé%gt;smz(fdn or
as matter and energy move (or spread outinan packward, as far as the laws of
expanding space) the shape of space changesphysics are concerned.
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[ ASOLUTION ]

HOW PHOON ENERGYISCONSERVEDAFTER ALL

The redshift we see in distant galaxies is usually attributed to the strebghimgt which also affects the wavelengths of photons, for example those
of space, but it can also be interpreted as an effect of the receding métn tife carOs emergency ligtisy. In the case of the police car, energy
the galaxies with respect to the observer. It is therefore similar to the féswbaserved; similarly, calculating galaxy redshift as a Doppfgyshift (
Doppler effect, which one can hear in the siren of a police car that is [stespageshows that photons from a distant galaxy also do not lose energy.

Blueshifted light

Redshifted light

:

Car0s relative velocity (in spacefay -3 Obtorve)

ORDNARY DOPRER SHFT

Doppler shifts arise from relative motion. The lights "ashing fromdhserver, the stronger the effect will be. But the occurrence of the Doppler
top of a police cruiser appear redshifted or blueshiftedNthough shift does not mean that photons change color (nor that they lose energy)
imperceptibly to human eyesNdepending on whether the car is movitang the way; they just have different colors as seen from an observerOs
away from you or toward you. The larger the carOs velocity relative poim of view than they have from the carOs own point of view.

accordingly. In everyday life, these effects are is afutile exercise: our accountantsO godlike per
essentially too small to detect, but at cosmic spective does not pertain to any observer in the
scales they can be relevant. universe. In particular, they do not take into
This malleability of space implies that the account the energy of comoving galaxiesO
laws of physics are not time-symmetric. The motion with respect to one another, so to them,
easiest way to visualize this factis to go back to the galaxies appear to have no kinetic energy.
the example of the billiard balls. If we watched  Anotherissue is the gravitational energy assoei
several movies of a particular shot being played ated with the galaxies® mutual attraction. A
on a pool table of changing geometryNfor ex-  well-known problem with general relativity is
ample one that starts "atand warps withtimeN  that in the theory one cannot always unambig
each movie would look different from the oth-  uously de!'ne gravitational energy in a way that
ers; you could tell when and in what order each  applies to the universe as a whole.
movie was taken. Time symmetry would be bro Thus, the total energy of the universe is nei
ken [see box on page 36]. ther conserved nor losN it is just unde!nable.
We have come to the limit of our cherished On the other hand, if we abandon the godlike
conservation principles: when time and space point of view and instead focus on one particle
themselves are mutable, time symmetry is lost, at a time, we can !nd what many cosmologists
and conservation of energy need no longer hold. believe is a more natural way of thinking of the
journey of a photon from a distant galaxy. In
CGMICSEMANTS this interpretation, the photon does not lose en
EVEN IF CURVATURE DOESNOT CHANGE, how- ergy after all. The point is that our metaphor of
ever, trying to tally up the energy of the universe  the expanding rubber balloon, though useful to

TKIK {llustratiop COURTESY OF ANDRE DENBE (
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Doppler shift calculated
from comparing velocities

ObserverOs velocity
in spacetime

Space in the present

. PhotonOs trajectory
in spacetime

-
GalaxyOs velocity |
in spacetime

-

Space at the time of photon emission

GALAXY EDSHFT /SA DOPRERSHFT

A galaxyOs redshift is identical to the Doppler shift an observer iteeruitted the photon (purple arrow) with the velocity of the observer at
see when watching a police car recede at the same relative velocitythe thme when the photon was received (green arrow), and thenNusing
galaxyNas long as Orelative velocityO is interpreted in the approprittie appropriate math derived from general relativityNcalculate the
way. First, one must trace the trajectories of the galaxy and of the relative velocity. The Doppler shift calculated from this relative velocity
observer not in space but in spacetime. (In the schematic view herecsjmaiges with the galaxyOs redshift, suggesting that the galaxyOs redshi
is an evolving two dimensional surface; spacetime trajectories cut tlsaouh interpreted as the result of relative motion, rather than of the
it.) Second, one must compare the velocity of the galaxy at the timeexipansion of space. Therefore, no energy is lost.

visualize the expansion, should be taken with a shift must just be a Doppler effect. So we can
grain of salt: empty space does not have a physi think of the light as making many tiny little
cal reality. As galaxies recede from one another, Doppler shifts along its trajectory. And just as in
we are free to consider this relative motion as the case of the police caf where it would not
Oexpansion of spaceO or Omovement through even occur to us to think that photons are gain
spaceO,; the difference is mostly semantics. ing or losing energy here, too, the relative mo

Cosmological redshiftis usually described as tion of the emitter and observer means that they
a consequence of the expansion of space. But in see photons from different perspectives and not MORETOEXPLORE
EinsteinOs general relativity, space is relative, that the photons have lost energy along the way.

In the end, therefore, there is no mystery to Spacetime and>eometry:An
Introduction to General Relativity.

Sean M. Carroll. Addiddesley, 2003.

and what really matters is a galaxyOs histofy
the trajectory it describes in spaceme. Thus we
should calculate the relative velocity of the dis
tant galaxy with respect to us by comparing its
trajectory in spacetime and ours. The amount
of redshift seen in the galaxy turns out to be Still, when we tried to understand whether
identical to the Doppler shift the observerwould the universe as a whole conserves energy we
see in a car that is receding at the same relative faced a fundamental limitation, because there is
velocity [see box abovel]. no unique value we can ever attribute to some  The Kinematic Origin of the

This happens because in small enough regions thing called the energy of the universe. Cosmological RedshiftEmory F.
the universe makes a pretty good approximation So the universe does not violate the conser Bunnand David W. Hogg/i® G TKE CP

the energy loss of photons: the energies are be
ing measured by galaxies that are receding from
each other, and the drop in energy is just a mat
ter of perspective and relative motion.

Misconceptions about the Big
Bang.Charles H. Lineweaver and
TamaraM. DavismEKGPVK,E #0G
Vol. 292, No. 3, pages 36D45;

March 2005.

of "at spacetime. But in "at spacetime there is no
gravity and no stretching of waves, and any red
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vation of energy; rather it lies outside that lawOs
jurisdiction.

Journal of Physid&l. 77, No. 8,
pages 688D 694; August 2009.
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