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BIG BANG

Jean-Pierre Petit

TELL Mg MORE ... pmmm... ABouT
THIS FEAR OF THFE UNKNOWN FROM

WHICH You ARE SUfFFERING .. .




PROLOGUE

You know, SoPHIE, T somemimes

WONDER WHERE EVE&WH/NG CAME FROM .
How THE universe WAS MADE ...

HAS EVERYTHING ALWAYS

>
BEEN THE SAME AS IT 15 NoW.

( \\ /}’l{‘ "v e eArTH, THe SKY P

[Z

HAs THe skY ALwAYS

BEEN BLUE 7 AND  'avE  THe

STARS ALWAYS SHONE our
OF A BLACK SKY AT NIGHT °

AT THE VERY BEGINNING | ouR UNIVERSE

WAS VERY SMALL AND VEeERY HoT, LIKE A CONCENTRATED HecL.

AND EVERYTHING
Biew uP?

Yes., BuT ITS A VERY LONG STORY,
AND TO TeELL 1T Tl HAVE TO START

A LONG, LoNG Timg Agqgo,

Hey ! Come AnD
see wHAT ZLve




TIr's WEIRD.

I wonNpER wH AT

T s’

EXPERIMENT IN
PROGRESS Yur... BWT DON'T THOSE

DO NOT TOUCH MARKINGS Look A BIT STRANGEY

1D sAY IT whs
A KIND OF

CHRONOQTRON.

M\
R

SUDDENLY.... TIRESIAS,

waTcH ouT |

S

m.if.—-



TIRESIAS —
You OK ?

A'p SAY
YOU’VE SET T

N

S

BAck To0

No BONES BROKEN... BT You've
CHANGED THe PosiTioN OF THE LEVER

ON THAT GADGET THERE,

'eH, THERES A
FUNNY OLD GEETEF
OVER <THERE...

LUHRT:S HE up 10'?

OH my Gop my Gop

Excuse Mg, Sie,
gur L ...




1HAT's DoNE 1T —
ANOTHER qu.uQE,l

/ﬁ
IF You'Re TRYING TO LAY THE CcARPET,

you’vE MADE A REAL PIG's BREAKFAST OF IT,

HAT's TRUE !

T THINK THE
GENTLEMAN IS HAVING

PROBLEMS wITH HIS CARPET,

I1's A DISASTER — You'p expecT To GET Bumps. You've

BUMPS EVeRYwHe‘E./ ARIED TO FIT Too MUcH IN, AND THE CARPET'S

GoT COMPRESSED . - -

Ts5SS ... wiTHOWT
ANY COMPRESSION THERE
WOULDN'T BE ANY ENERGY,

ONLY EMPTY SPACE ...

}
T woulpN't MIND IF THE BUMPS WERE MORE EVENLY SPACED.

Bur THERE ARE HORDES OF BUMPS, WANDERING ALL OVER THE PLACE—

AT A SPEED oF 300, 000 KILOMETERS PER SECOND.




1F THAT'S A Universe, 1
HASN'T GoT mANY THINGS v 1T

- BuT 11 HAS!
=—————"/ Trs THINGS ARE

THESE KINDS OF
' =
X"

~— WANPERING WAVES,

—_ -

THIS PARTICWAR universe ONLY HAS Two
DIMENSIONS, So 1T's A SURFACE, Bumes oN THE
SURFACE CORRESPOND TO PARTICLES, MASSES, AND RADIATION, IF you WERE LIVING

IN THIS TWo-D/MENSIONAL wWORLD, THIS IS wHAT You’D LOOK LIKE.
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IN ouR AcTuAL
THREE - DIMENSIONAL WORLD,
PARTICLES ARE ALSO LOCAL
VARIATIONS IN CURVATURE.

IT’s NoT PRETTY,

NOT pRETTY AT ALL...

1T WAS BETTER

BEFORE .
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1o Heck wITH IT-.. ThL cALL
PHOTONS.

THESE WANDERING WAVES




OH my Gop my Gop my Gop !
OF THE THINGS!

.@ YeS - Look AT -THAT |

THEY'RE ALL ovER THE

THERE ARE MORE

7\ &}
—— 7\
e T A
P e~
T oS T 5

THAT'S NOT JTuST A LUMP, EITHER;

l
IT's RormTING. GobD HeLP US ALL |

THEYRE LIKE THE TwIsSTS Yo
BEDCLOTHES .

SOMETIMES GET IN THE

OR EDDIES IN WATER. CRALY EDDIES.

(’\
\_//)jv @_/ .\
T7's FUNNY — SOME TuRN ONE WAY,

’/’\ ' @ SOME TupN THE OTHER.
Q‘i?ﬁ\

N )

—————
7 move AT BT i
AND gusT LIKE PHOTONS, THEY Mo \\3\\;%‘ \\‘:\\\\\\\?\\\
300,000 KM [sEc. NT_t-
2 AT
AR

T caLL THese EDDIeS NEUTRINOS
(WHEN THEY TurN -THIS wAy -

— Y

... avd  BANTINEUTRINOS wHEN THEY TurN

A
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THE OTHER WAY:




I7T5 woBBLING Like TELLY. -There ISN'r A
SINGLE FLAT SPOT ON THE ENTIRE CARPET. The

THIS  UNIVERSE |5

VERY, VERY uNsTABLE. A

BUMPS  ARE TAMMED RIGHT NEXT To EACH OTHER (%), ToTAL FAILuRE !
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TF ONLY THERE WERE SOME ORDER IN THERE SOMEWHERE -

Buf 1T's A REAL DOG'S DINNER ... EVERYTHING WANDERING ABOUT
AT RANDOM,

CHPNCE | my FRIEND,

. B IS WTTERLY DMBOLJCAL__I

"1 DoN’T EVEN LIKE

PLAYING DICE ..,

/
Hey, Look ' There's SOMETHING

HAPPENING  DOWN THERE ! KQ%~‘

——— N\

®) B ‘(U
*) A PROPERTY known 4s BLACK BODY RADIATION N E— -

(Gop knows WHY ). o @ iE »




w0 OF THOSE PERAMBULATING

WITH EACH OTHER .

PROTUBERANCES ARE ABOWT To COLLDE

WY
AV ANNARN

“THey

NN
MERRREIIRAARRRNN
AN R A WA

ARG

So Much FoR YOUR
NO-CLAIMS BONUS .

Now THEYVE TURNED BACK
INTO SEPARATE BUuMPs. WeLL, .
ONE BuMP AND ONE DENT.

IkE MOVING APART AT A SPEED CLOSE T0
300,000 KM /sEC,
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Fing. L'tL cAlL e Bumps MATTER AnND THE DENTS
ANTIMATTER, -They possess CURVATURE  wHich meies MASS,

THE PHOTON, A BumP AND A
DeNT AT THE SAME TImg | |s
ITS CcwN ANTIPARTICLE,

Bl

T
MATTER anD ANT'MATTER)SoQN FROM

THE COLLISTONS OF PHOTONS , APPEAR AT

\RELATMSTIC SPEEDS,

Bump, penT, THAT'S AN ARBITRARY
DISTINCTION,

Wot's The PoinT O’
THAT ~ PROFOUND REMARK,

TireslAs oLD FRWT ¢ THERE's
FINGS woT Looxks Like BUMPS,

AND UWER FINGs woT W0oKs LIKE
DENTS. ThaT secms

,
H OBVious eNougH...

THAT'S BECAUSE WE'RE oN THIS SIDE OF THE CARPET. TIF WE WERE
ON THE OTHER SIDE, THE BUMPS wWouLD BECOME DeNTS AND THE

YuR... BuT I can
oNLY SEE onE sipel




JusT my FEEBLE
JOKE ; OFFAICER,. .

ANOTH ER-
EPISTOCOP | (¥)

LooK... THere! TIF A Bump AND A DENT COLLIDE  SLOWLY
]
ENOUGH , you GET BACK TwWO wWANDERING WAVE LETS. LTS THE
INVERSE OPeERATION!

HMM... simPLE ANNIHILAT o

OF ONE PaRTicLe oF MATTER AND
ITS ANTIPARTICLE.  THAT GivEs

TWO PHOTONS .

Cosmic cHAOS

/

o
(¥) R ePISTEMoLOGY (THEORY OF KNOWLEDEE)

LAND  CoP (CoP) I Tuought Pouice



CReATIONS ANP  ANNIHILATIONS OF PARTICLES | BY MEANS OF PAIRS OF PHOTONS,
FOLLOW EACH OTHER IN A FRANTIC RHYTHM. TIN THIS CHAOTIC WORLD oF CEASELESS

CHANGE , THERE ARE NO RECOGNIZABLE STRUCTURES. ONLY A SWARMING MASS OF

PHOTONS, NEUTRINOS, ANTINEUTRINOS, AND A HOST OF OTHER PARTICLES AND
ANTI PARTICLES, FLeering anp variep. Trs CHAOS C¥).

Thar MAKES ME WONDER

Asour SEXONS.

WoT THE BLAZES ARE
SEXONST

PARTICLES THAT SPeND THEIR TIME

REPRODUCING .

S FAR As L CAN SEE, You CAN HAVE wWANDERING

/X WAVES OF " DIFFERENT SIZES, As wELL AS TALL -THIN
AN BUMPS OR SHORT FAT ONES.
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() See 1he BiBLE, | ;‘



T L cAW THE s|ZE OF THESE

WANDERING WAVES — PHOTONS-'
THEIR WAVELENGTH A (LAMBDA ).

Suppose I CREATE A
TRAVELING WAVE BY SHAKING

HiIs RoPe. TIr I SHARKE IT

GeNTLY I aive 1T VERY UTTLE
ENERGY AND THE (WRVELENGTH

A IS LARGE.

Now (F I SHAKE THE CORD MucH

HARDER, I &IVE IT A LOT OF ENERGY anD
THE WAVELENGTH A 1S SHORT,

THE MORE ENERGY A

So

TRAVELING WAVE HAS,

THE SHORTER

ITS WAVELENGTH MusT BE.

TVve peciped THAT tHE ENERGY carried
8y A PHOTON) A PARTICLE OF LIQHT} wiLL BE

INVERSELY PROPORTIONAL To (TS WAVELENGTH
A. TAT 1S, E vAarRies as _!_
A L]

DN
] “ Ttk ‘ o
A ?
I o N A
vyl s



SMALLER THINGS ARE
HEAVIER THEY ARE

\
THAT'S OK FOR -THEsE WANDERING WAVELETS yoy've
NAMED PHOTONS.  But How ARE we GOING To TE(L
THE DIFFERENCE BETWEEN HIGH BUMPS AND LOW Bumps?

OrR DENTS?

L
CALL THE Si2E oF THE BUMPs ANPD

= I'm Going To
\ COMPTON WAVELENGTH Ac . THeEiR MASS m

DENTS THEIR
INVERSELY PROPORTIONAL. So ™M VARIES

\ wilL BE
. |

AS X

HIGHLY ENERGETIC PHOTONS, HAVING A
SHORT  WAVELENGTH , PRODUCE PARTICLES (AND

ANTlPﬁﬂTICLES) THAT ARE TALL AND NARROW; THAT B
IS, HAVE A LARGE MASS m. J*\Q

MATTER

15




LoNG -waVELENGTH
PHOTONS

LONG -WwAVELENGTH PHOTONS —2 PARTICLES WITH LoNG CoMPTON wWwWAVELENGTH .

CoNVERSELY, PHOTONS WITH RELATIVELY Low ENERGY GIVE RISE To A
PARTICLE- ANTIPARTICLE PAIR wITH LoN& CoMPTON WAVELENGTH. THAT Is,

Low MAsS: A, LARQE, m SMALL.

TN FACT, \T's REALLY A woT simMPLer, I <N
ASSUME THAT A= M., IN OTHER WORDS THAT THE
PARTICLES ( AND ANTIPARTICLES) ARE THE SAME “size’

AS THE PHOTONS THAT CREATED THEM,

AND  THRT MEANS THAT ONCE You KNOW
He MASS oF ANy ParnCLE, you cAN

IMMEDIATELY DEDUCE THE WAVELENGTH OF THE
RADIATION THAT CREATED IT,

() Rememper THAT E (enerGy) eavAlS m (MASs) See EVERYTHING IS RELATIVE,
S

AME SERIES.



—

P

HolD 1T!  THERE'S sOMETHING SCREWY

agour Aw THIS | T won't Do AT ALL...

PROTONS anp NEUTRONS HAVE ALMOST THE SAME MASS,
THEREFORE_ THEY HAVE THE SAME SizE. BuT AN ELECTRON IS
MuCH LIGHTER, Loq,aaw/, THE ELECTRON MusT BE... LARQER_?

“THe PROTON AND
"27 k& . “THE

THAT'S RIGHT.
NEWTRON welGH .66 X 10

-3l [}
ELEcTRON welghs 9.1 x 1077 k&, So 1T's
1850 TIMES LIGHTER, THART IS, 1850

TIMES “BIGGER. .. |

HAVE you EVER
SEEN A PRoToN,?




THE GENESIS OF TODARY IS

WTTERLY FASCINATING . SOPHIE, WHAT ARE

you MAKINGT

A HYDROGEN ATOM MORE cLOSELY
RESEMBLING REAUTY. [(hTH A BIG ELECTRON
AavD A TINY PROTON mAKING uf ITS

My Gob my Gop my Gop! WHAT caos | |eLr...
T THINK You PEOPLE CAN HeELP ME Put THIS JUMBLE INTO

S56ME  SORT OF ORDER.

18



RADiATiON
MPERATURE

THESE PHOTONS HAVE ALL SORTS OF DIFFERENT

WAVELENGTHS AND ENERGIES. BuT ovepAlWL THERE IS
(‘? A DEFINITE AVERAGE WAVELENGTH AND AN AVERAGE

ENERQY,

THe RADIATION TEMPERATURE T
wiLL BE “THE VALUE oF THIS AVERAGE

ENERGY OF PHOTONS,

CAN A MIXTURE OF PARTICLES HAve

SEVERAL  TEMPeRATURES

VES, BUT WE'LL See ABOUT THAT ON PAGE 4b. ForR THE MOMENT
LET's JuST SAY THAT PARTICLES EXCHANGE ENERGY WITH EACH OTHER | OR wITH
PHOTONS, THROUGH COLLISIONS. “THIS MECHANISM TENDS o REDISTRIBUTE THE
TEMPERATURES, -To EQUALIZE THEM, so PurTing THE SYSTEM INTO A STATE oF
THERMODYNAMIC EQUILIBRIUM .

19



THE TEMPERATURE
OF MATTER

Ace THEse  MATERIAL earTICLES wave
VARIOUS MASSES m AND speeps V.  THe

KINETIC ENERGQY of A PARRTICLE IS ?ZLmV_z
Bur AGAIN ) OVERALL. THERE Is

AN AVERAGE
CTHERMAL)  energy oF AGITATION.

Ano THe TEMPERATURE ©OF THE
MATTER , T, , 1S THE VALUE OF THIS
AVERAGE ENERGY OF THERMAL
AGITATION .

Ir A PARTICLE HAS TOD MucH ENERGY,

IF ITS 00 FAsST, 700 “HoT,"
THEN A COLLISION WITH  ANOTHER PARTICLE .5y siow IT DOWN

. AND. VICE veERSA IF IT'S Too stow., TF Tws PHENOMENON oF

INTENSE ENOUGH, THeN NoT
ONLY WwilLL -THe TEMPERATURES . BE EQUAL STRY.

ENERGY ~cOUPLING VIA WOLWLISIoONS s

) BT THeEY'LL
EQUAL-  yen YOou. EXPAND OR COMPRESS THE MIXTURE.

THeRE ! N

W ' > A7
HOA ~ ~</&!(( L4

Ny oo g {(yd L (jjﬁt =
g™ Yo ¥

20



WHAT A FussS!  PARTICLES AND ANTIPARTICLES,
CRERTED AND DESTROYED AT AN INFERNAL

& pace !

WoT pyer NEED -TER
CREATE A PARTIC KLE —
H'ANTYPARTICKLE PAIRT

\ 2

AL \ <
S WA

& 5;! ﬁa&?«‘ .
SRS NN

= e
T i
XS X

ESHOLD
TEMPERATURE

To CRERTE A PARTICLE — ANTIPARTICLE
PAIR WHOSE COMMON MASS 1S m | YOow
NEED AN ENERGY 2mc”, WHIcH CAN BE
PROVIDED BY A PAIR oF PHOTONS (0ITH

éjaum_ OR HIgHER ENERGY,
™m

& ;‘

IS LESS

TF THE MEAN ENERGY oF PHOTONS
1HAN THE THRESHOLD ENERGY mc™, THAT IS, IF THE
RADIATION TEMPERATURE Tg IS Too Low (LESS THAN

A THRESHOLD VALUE), THEN SucH PARTICLES oF

MATTER  CAN'T BE CREATED,




THE EVOLUTION
‘OF SPECIES

e SURVIVAL oF A sPecies oF

PARTICLE 15 ALWAYS PROBLEMATIC. I1 cAN BE

ASSURED BY A SUFRCIENTLY HiGH RATE OF
PRODUCTION.

(WHICH MEANS THAT THE ”
RAYDIFICATION  TEmP'RACHER ~ Tg AS TER

BE IgHER THAN THE FRESHOLD S \ m
et s ""g?
[}

AEMP'RACHER FER THAT  SPECIES.

T
(2 :
NP v
; Tr THE TEMPERATURE T, IS Lower
T 9 B THAN THE THRESHOLD, THERe ARE SEVERAL

WAYS PARTICLES CAN DISAPPEAR.

... OR A wHoLE HOST

THE MosT oRrVious IS OF FATAL ENCOUNTERS wWITH

ANOTHER SPECIES
WNIHILATION gy AN

ANTIPARTICLE.,. Co p
(1~ SMOS

|
A RAT RACE .

TN ADOITION | PARTICLES HAVE THEIR OwN
LIFETIMES, Affer THese Have passed(F) , Te
PARTICLES DECOMPOSE SPsNTANEOUSLY NTO OTHER

PARTICLES | AND RADIATION.

{HE PROBLEM 5
@\Q .. queie RESERVE OF CHRONOL Runs ouf:

see EVERITHING 15 RELAT\VE .

10 LAsT ouT THE
RACE .,

22



WoT's THE TeEMP 'RACHERD

CATcH A PHOTON AND
MEASURE (TS WAVELENGTH M.

THERE SEEM To B ABouT THE

SAME NUMBERS OF
PHOTONS, NEWTRINOS, rﬁ‘o—rousl NEWTRONS , ELECTRONS (AND

THEIR  ANTIPARTICLES ) .

AT A HIGH ENouGH TEMPERATURE, EVERYTHNG
s RELATIVISTIC,

EveN PARTICLES oF MATTER TRAVEL
AT VELOCITIES NWEAR THE SPgeD oF wGHT C-

A = s i

Iv  EVERITHING 1S RELATIVE we saw THAT AS A PARTICLES

SPEED TeNDS 10 THE SPEED OF LGHT, 1Ts PROPER TIME  rrows LIKE

= N

SYRUP.




Now THAT'S A BIT oF A PROBLEM... (£ eVERYTHING MOVES AT

THE SPEED OF UGHT, THEN ‘TIME (F) CEASES To Frow ALTOGETHER...

S0 NOTHING HAPPENS,

NOTHING  would MoOVE Stowly ENouG H

FOR TIME TO FlLow IN A  sSIGNIFICANT

A Toracly TIMELESS
WORLD wouLD HARVE No SENSE

T0 {T.

Pernars Time s A LuXuRy THAT ONLY
SOME UNIVERSES CAN AFFORD 7

’rHRTIS DIABOLLI cKLE !

PaH — afFrer everiivg Tve
ALREADY SEEN AND HEARD ...

SPACE . TIME, e UNIVERSE ..,
'S AL HALF -BAKED moonsH INE !

THE  UNIVERSAL

TINGREDIENT  oF

Evervmiing 7

P

A coSMIC TIME THAT MIGHT Be THE AVERAGE OF




ELEMENTARY
PARTiCLES

You. THERE — INSTEAD OF FLAPPING YOUR ARMS ABOUT, HELP ME PUT SOME
ORDER WTO THESE CRAZY ELEMENTARY PARTICLES.

J\

VERY smau. CoMPTON waveLeng s !

=
’Y/H()ﬁe VERY .MASS|V€ PARTICLES ARE HYPERONS(‘K>_ )

AHEN come THE HADRONS. e PROTON awo thE NEUTRON (awp

OF cOURSE -THE ANTIPROToN AND THE ANT!NEUTRON) ARE AMONG THEM. -THEY
To CREATE THESE PARTICLES , you NeeD A
THAT 15, TEN TRILLION DEGREES.

cAN compine To ForM  NUCLE],
13
RADIATION TEMPERATURE GREATER -THAN |0 K)

THAT mus'
BE THEIR
FRESHOLD
TEMP'RACHER.
N

=
)

N/ The ComproN wAvELENGTH

OF PROTONS AND NEWTRONS

COMES ouT AS .36 % IO—%M.
ONE TRILUONTH OF A
CENTIMETER.

(7%) HYPOTHETICAL PARTICLES, AT THE PRESENT STATE OF KNOWLEDGE

0



HADRON comes FrRom  HADROS

WHICH MEANS  “HEFTY" N GREEK.

)

BLimey — A
GREEK - speakin” svAiL |

OBviousLy THERE ARE AS maNY
ANTIHADRONS as  HADRONS.

ANTILEPTON

T6 CREATE THEM 'YOU NEED A RADIATION TEMPERATURE OF

O BuLion DEGreES — THelR THRESHOLD -TemperATURE.

“THe BEST knowN LEPTON s THE ELECTRON, AND (1S CouNTERPART THE

AnTieigctron, oR POSITRON., NOTE THAT THE THRESHOLD TEMPERATURE FOR
CREATING gLecrRonNS 1s 1850 TmmMeS LoweR

NEWTRONS.

THAN THAT FoR PROTONS AND

“THAT MPAKes SensT, BECAUSE yow

NEeD 1850 Times LeSS eNERGY To

CREXTE AN ELECTRON THAN You Do A
PROTON .

LEPTOS, THIN,

2



EVERYTHING FALLS APART

Dip You FeeL ‘NAT?
IRAT

THAT WAS
Bounp TO |
HAPPEN !

THe SITUATION WAS TERRIBLY CHRONOGENIC — TiME CoutD HARDLY wAIT To APPEAR. THE
CHRONOTRON STARTED UP | THeREBY PRODUCING THE FIRST EVENT, 1He FiRST INSTANT.

Just As I rearebd.., ;1's AW

FALLING APART .’

WHAT'S AW
FALLING APART 7

2 '7“%}

N\ THE CARPET...I1T'S STRETCHING.

TIT's A RIGHT

NUTHOUSE , -THIS
PLace!




Ir's T7He EXPANSION... THe

STRAIN'S GOT Too MutH, IT's ALL BREAKING
up. Excuse mg,

(UHERE ARE You GOING?

WHAT's wArPeNING 7

T'M TusT TakiNg

A LTTLE TRIP.

ITw cam
A BIT EVENTUALLY.

You'LL seE.

DownN

il

(GooDBYE. —_—

Were T wever !

He's Lert us

Have A WNICE N
TO FEND  FoR ouRSELVES. EXPLOS [GN. <{ .
@) X N
') RUINED/ S
wTreRLY Ruved !
s

TT LOOKS LIKE A MANHOLE COVER.

WHERE'D '€ GO >
CATAcomBS oF -THE UWNIVERSE |

29



THE CONSERVAT:ON
F MASS

LOOK WHAT'S HAPPENING. “THE PHOTONS ARE GETNNG

Bigger, [(ARTILES OF MATTER ARE STAY/NG THE SAME SIZE.

) MATTER  pHOTON MATTER PoTeN R/

-THE MATTER SeEMS
UNRESPONSIVE.  FRIGID)

THAT MAKES ME THINK OF WHAT
HAPPENS IF Youw UPSET A GUASS OF
ICE WATER oN A TABLE. [HE
WATER SPREADS owT. THE [CE CUBES
GO ALONG T00, BWT KEEP THeIR

SHAPE AND SIZE.



BECAUSE THE SIZE OF PARTICLES oF MATTER IS RELATEP TO THEIR MAsS,
MASS IS CONS ERVED. j//

ON THE OTHER HAND, THE PHoToONS
ENERQY.

1 pebuc® THAT

SPREAD owT, 50 ARE Losing

T¢ R 1S THE RAD(US OF THE UMIVERSE) THEN,
WAVELENGTH A\ OF PHOTONS UNDERGOES

SINCE THE
exbAnsion () vartes uxe R), T auso

THE SAME
DEDUCE “THAT THE RADI ATioN TEMPERI\TU.RE/ WHICH
1 1

\\ VARIES AS “x , DECREASES AS & .

T7's HAPPENING TUST AS IF

THE UNIVERSE CREATES ITS OWN
SPACE, ITS COSMOTOPEC*% By

EMPTINESS. .,

SECRETING, . . .

MaT7ER AND LIGHT ARE JusT -TWo DIFFERENT FORMS OF

ENERGY / MATTER. “Twe PHOTONS ReTAIN

THE SAME ENTITY:
BuT LOSE ENERGY.

HeElR SPEED OF 200,000 kM[sEC

(4) Feom COSMOS (Cosmos) Avd TOPOS CPLace). Tie
PLACE THAT THE WUNIVERSE  INHABITS.

50
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Here's
K’-E& A QOOD WAY -To VISUWAUZE THE WAY THE PHOTON SPREADS ouT
AND THE ACLOMPANYING ENERGY  LOSS,

BUT How DOES MATTER

BEHAVE DURING THIS EXPANSION 7

“THE UNIVERSE SECRETES SPACE LIKE A CREATURE GROWING A SHELL. The

HE MORE SPACE PARTICLES HAVE 70 MOVE AROUND [N.

D OF AGITATION ©OF PARTICLES
Tie SPEED OF AGITATION

MORE Time PASSES,
UHEN THE SIZE OF THE WUNIVERSE DOUBLES | THE SPEE
HALVES. So THEIR KINETIC ENERGY IS DIVIDED BY 4.
VARIES pS THE INVERSE OF THE RADIUS R oF -HE
ATrER VARIES AS T'Q‘z

UNIVERSE , WHEREAS THE

TEMPERATURE OF M

BWT... WE Saw TJusT Now THRT  AHE
RADIATION TEMPERATURE Tp  VARIES AS .

So MATTER TENDS TO CooL DownN QUICKER

THAN  RADIL ﬁﬂoN?

37T



EFFECNVELY. Bur PHOTON -mATTER  COLLISIONS  REHERT IT. THeY HAPPEN
FREQUENTLY ENOUGH To MAINTAIN A STATE  OF THERMODYNAMIC  EQuiLIBRIUM
R OF TIMmE.

(Ta = Tp) FOR A cERTAIN PERICD

AN

PROTONS , NEUTRONS, ANTIPROTONS,

AND ANTINEUTEONS ONLY G0 AT ONE

TENTH THE SPEED OF UGHT c,

\ 2o 2
&
Y7/ L T \
2T N

—

THE  TeMPERATURE (TR:Tm\ WAS DROPPED —To R
WELL BELOW THEIR THRESHOLD

THeyve ANNIHILATED

HUNDRED BiLLIoN DEGREES,
TEMPERATURE OF TEN TRILLION DEGREES.
EACH oTHER IN PAIRS AT A  TReEMENDoUS RATE AND onLY

ONE IN A BILLION survves.




SOPHIE - pmpsT OF THE PROTONS, NEUTRONS,
ANTIPROTONS ~ AND ANTINEUTRONS HAVE

VANISHED.  BuT wHY ARE THERE  STILL JUST AS

MANY  ELeCTRONS AND PoSI TRoNS (F\Mneuéa’eom)

?
AS BEFORE. AHe THRESHOLD

TEMPERATURE OF ELECTRONS
IS oNLY SIX  Blu-loeN
DEG,&&ES.

st
LT 7
s

ONLY Six piLlyoN BUNKIN'
DEGREES... DID YER '€AR ‘ﬂ\k‘f?

Wel, ysw MusT

ADMIT 1T's A LOT
COOLER...

—

=N

OW THATS REALY BI2ARRE... THE Temperature 1s OO  BILLION
DEGIREES‘-~ PQOTONS) NE&-TRONS/ AND THEIR ANTIPARTICLGS MOVE AT ONE .rw-”_]

OF THE SPEED of L‘GHT Bu-T ELECTRONS ARE STILL RELATIVISTIC . //
N —_—

~

YurR. Wot?
Wogra MEAN 7
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“THe SYSTEM 1S <t IN A STATE of “THERMODYNAMIC EQUILIBRIUM:
THE couPLING BETweeN AW PARTICLE SPECIES, AND RADIATION, IS STILL INTENSE

THE KINETIC ENERGIES of  PARTICLES OF MATTER ARE, ON AVERAQE, EQUAL'

A 2
2 Mh V, - L 2z
PROTON ¢ MoToN3 = 32 Metectron (VeLEcTtoN> .

N

LET ME SEE... SINCE  THE MASS oF THE
ELECTRON 1S 1850 -TIMES SMALLER THAN THAT

OF THE PRoTON, THEN N ORDER TO CSMPENSATE
(AT A Givewn —TEMPERATURE ), -THE SPEED OF AGITATION
OF THE ELECTRON MUST BE MucH HIGHER.

Ta FACT, SINCE THE THRESHOLD ENERSY
FOR. THE CREATION OF A PARTICLE OF MASS m
IS JusTt mc"l 1HEN AS sSooN AS THE SYSTEM
cooLsS To THE POINT AT wwicH T3 SPeEep OF
AGITATION V1S NOTICEABLY  SMARLLER THAN ¢,

1IN uwerR WORDS:
F a4 POPYERLATION OF
PARTICKLES ©F MATTER
oops BEIN' RELATIVISTICK,
T GETS DELlMATED!

AHe CREATION o©OF THESE PARTICLES CEASES

AND THEIR PofuLATION DROPS
DRAMATICALLY.




THIRTEEN Seconps.

THE TeMPERATURE HAS FALeN

TO THREE BIWwoN DegGREES.

]
‘€Y, Look AT THE HELECTRONS AN
1HE wantieLecTRons!  TIrs  owsALe

SLAUGHTER '

NATURALLY — IT'S BELOW THEIR
THRESHOLD TEMPERATURE-

AGAIN, oNLY
ONE IN A BILLION

SURVIVES.




FOR A WILE/ NOTHING MIGHT REMAW EXCEPT
PHOTONS .. ThERE's A POSSIBILITY

PLACE ELSE -THeRe ARE

UNIVERSES -THAT
MISFIRED,

O’VE OF THE MﬁIOR MYSTeRIes OF COSMOLOG)"

IS HAVING No EXALANATION of (wHY MATTER AND

ANTIMATTER  DIDN'T JUST ANNIHILATE EACH OTHER

COMPLETELY.

AT HIS PoINT IN THE TRLE, TS ALWAIS THE

SAME... THERE COMES A MOMENT (WHEN THE PROBLEM oF

ANTIMATTER 1S JusT SwepT UNDER THE CARPET...
Preeer!  Anmimatree Aw gone !

“TIRESIAS , Ler mME REMIND you OF
our ruces. Onuy FACTS! No wip

SPECULATIONS.

O i'ﬁ\ GETTING Fep
(@]



Hmmm.. . 100

S6ON ForR Gan’

FissionN. , .

]
THERE'S NOT A (oT IN THE  UNIVERSE AT
THE MOMENT | APART FROM LIGHT,

o

The ENERGY/MATTER,
§» IHICH wAS EQuALLY DIVIDED

INTO MATTER, ANTIMATTER, PHOTONS, AND NEUTRINGS,
EYCLUSIVELY N THE FoRM OF PHOTONS AND NEUTRINOS — RADIATION,

IS NOW ALMOST

3 Grery Tyme THE RADIUS R OF THE UNIVERSE PouBLES, THE DENSITY
OF MATTER DECReAseS. ITS A SIMPLE MATrer oF DiLUTION.,,
=) c::Do © ON THE TwO- DIMENSIONAL CARPET
(@]
eSe g 9 UNIVERSE , wHEN R DouBLES | THE DENSITY s
[=)

pivibeEp BY 2x 2= 4. In ourR THREE-
DIMENSIoNAL UNIVERSE , [T |5 ACTURPLLY DIVIDED
By 2x2x2= 8,

/rHE DENSITY OF MATTER VARIES AS THE INVERSE CUBE OF THE ”SIZE,“

[l »
THE "RADIUS™ R, oF THE UNIVERSE.

BuT FOR US FHOTONS IT'S MUCH MoRE

PRAMATIC, THE €xPANSION USES UP  AwmpsT ALL

OF OuR ENERGY, BIT BY BIT. THE AmounT oOF
ENERGY /MATTER THAT WE CARRY DECREASES AS THE [NVERSE

OF THE RADlus R OF THE UNIVERSE.

g

wH‘CH MEANS THAT 'THE DENSITY OF ENERGYIMA*[TtR OCCuRQ'NQ IN THE FORM oF

PHOTONS VARIES AS -THE INVERSE FouRTH POWER of R.
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AL THE wHILE MATTER REMAINS COUPLED To PHOTONS y 1T 1S coNTINUALLY
ReEHEATED. THIS HAPPENS UNTIL -THE ComMMoN TEMPERATURE CTK = Tm )
FALLS To 3000 DEGREES — wWHICH TRKES  ABouT 700,000 vyEARS.

NUCLEOSYNTHES:S
AT

=
(
‘«_{
Wow... coMPARED 7o WheRe we were oN

PAGE 3|, THE FIRST WUNDREDTH oF A SECOND,  THe sizé R oF THE uNIvERsE
HAS MULTIPLIED 4 HUNDREDFOLD, AND THE ’TEMPERATuRE (TR = 'r’“) HAS FALLEN

To A BILLION DegReeS.  THERE'S ALmosT NOTHING LEFT,

Here are TWoO Bumps, 3
T WONDER  (HHAT HAPPENS =

IF T PxsH one Bump “ )

INTO THE OTHER onE 7

Now wHrT 7

Ak HoITIg Ol

AN




THEN THEY ATTRACT EACH OTHER

0 FORM A SINGLE OBJIECT

WHEN Two Bumes COLLIDE, THREE
(F -THEY

THINGS CAN HAPPEN...

ARE MoVING SLowLY, -THEY BOUNCE

OFF EACH OTHER .
WOO?S. PARDON

ME.

WHEN THE BumPS ARE MOVING VeERY
QUICKLY , THEY CROSS EACH oTHER'S
PATHS SO FaST THAT -THEY DON'T

HAVE TIME 40 INTERACT.

“THEY CAN ONLY TJOIN TOGETHER
IN A DeFINITE RANQE OF VELoc(TY

OF AGITATION (TEMPERATURE ).

N
AND A vioLenT CoLLISION wiTH A
THIRD  PARTICLE. BReEAKS WP THE

STRUCTURE  ForMED N THIS WHY.
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/~ These  FUSION ReActions
/( PRoDUcE THE FIRST RATOMIC.

NUCLE!, -Tue process of
MORPHOGENESIS (£4DS To THE FIrsT
FORMS | 7ue #rsT STRUCTURES,

/N THE UNIVERSE.

ITS AN AMUSING LITTLE TRICK, THAT. THERE'S AN

ATTRACTIVE FORCE AND A REPULSIVE FoRcE. AT LARGE DISTANCES,

THe RefuLsive FORCE WINS, AT SMALL PISTANCES, -THE

OPPOSITE  HAPPENS,

I'M gOING TO TAKE SOME MAGNETS , AND COAT

-

THEM IN RUBBER.

THe RUBBER COMPRESSES

EAsILY , So IF I pPrEss

TWOo SPHERES AGAINST EACH OTHER

By THE MAGNENC FORCE.

Now TLL TP THEM INTO A

LARGe TuB OF WATER ...




Two FORCES CoMe INTO PLAY. AN ATTRACTIVE FORCE MAGNETISM .
A REPULSIVE FORCE: THC ELASTICITY OF THE RUBBER COATING.
WHeEN THE BALS TOUCH, THE ELASTIC FORCES coMe INTO PLAY. The
STRENGTH OF THE MAGQNETISM 15 ARRANGED 350 THAT WHEN THE RUuBSER
IS COMPRESSED FAR ENOUGH , | TaKes OVvER. THERE IS AN INTERMEDIATE .
POSITION AT WHICH -THE FOoRCES BALANCE ouT

THE RUBBER |S  LIGHT ENOUGH FOoR THE
DENSITY of THE SPHERES To BE ESSENTIfLLY
EQuAL To THAT oF wATER., Now ITteL
HEAT up THE ACTION A LITTLE.,

(s

HEN THE TEMPERATURE IS Low,
THE BALLS BOUNCE GENTLY OFF
EACH OTHER , aND NOTHING HAPPENS,
WHEN -HEY BUMP INTO EACH OTHER,
THEY DON'T HAVE ENOUGH ENERGY TO
compress THE RUBBER FAK ENougH

FoR THE MAGNETIC FORCE TO CoME

INTo PLAY. THE MAGNETISM CAN

ONLY ACT AT SHORT RANGE.

OK‘ TLL TURN uf

-THE HEAT.

4+



e

, % GRenT, 1T works | TT'S THE RIGHT
O O li eMPERATURE (LARGER THAN THE THRESHOLD

TEMPERATURE) . THE AMouNT OF AGITATION 15
JustT RIGHT.

Bumey! Tuem gaws 1s
TERGEVVER IN PAIRS |

STICKIN'

T T APPLY TOO MucH HEAT,
mese  STRUCTURES ARE BROKEN

uP B THERMAL AGITATION.

?

|F You CooL IT]

WHAT HAPPENS

ARCHIE ALLOWS THE WATER To cool.

Tue TURBULENCE Decreases. AT A
CERTAIN MOMENT, SOME OF THE BALLS bﬁ\
COUPLE ToGETHER. BuT, siNCE THE / \ S
TEMPERATURE CONTINUES TO DROP, THIS O)/O O °
NUCLEOSYNTHESIS  sToPs, (9 o o
O O O O
@)
O O
/ O O
Ayar's 11, Im arram.  ITS 700 coLp,

THE BALLS ARENT AGITATED €nNough To JOIN

ToGeTHER ANY MORE.

We'RE  BELOW THRESHOLD .




ﬂg SAME THING HAPPENS WHEN THE TEMPERATURE OF THE UNIVERSE  DROPS

BELOW A Few | BILLION DEQREGSI, THAT 1S, AFTER A FEW MINWTES

THEN  STRUCTURES WHH TWO, THREE, OR FouR "BALLS' CAN FORM.

@PROTON ONEUTRON o
® o °
@ @ 0° @ L ®
DI sume opmme 0 . B0
DEUTERIUM  -TRITIUM  HEL UM ©C . o ®
& ® NG

Bur THE DEUTERIUM AND
TRITIUM S0 CREATED CAN COMBINE
gy A NUCLEAR REACTION

@+ > + O

DEUTERIUM 4+ TRITIUM GIvEs HELIUM+ NEUTRON

AT Tuis PoINT, THE UNIVERSE 15 A
HYDROGEN BOMB,

SO, EVERITHING TURNS INTO

HELIUM ©

e —

“THE HELIUM NUCLEUS 15 VERY SYMMETEIC
COMPACT, AND RoBusT. TF THE
TEMPERATURE WERE To STAY COoNSTANT,
THEN AL MATTER woJLD TURN INTO HELIUM.
Bur AFrer 34 MinuTES, THE o

TEMPERATURE FALLS -0 300 MiLLIoN
DEGREES AND THE NUCLEOSINTHESIS  STOPS.
The  NucLeoNs (PROTONS  AND

NwaﬂoNS) NO LONGER HAVE ENOUGH

VELOCITY TO OVERWDME

FLECTROSTATIC RepuLsioN. THE

GAME 1S PLAYED OuT.
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AHE REMAINING FREE NEUTRONS DISINTEGRATE. THEy aRE NATURALLY
UNSTABLE , AND TRANSFORM — IN 109 seconds— iwTo A PROTON - ELECTRON pAiR

34 MINWTES HAVE
PASSED SINCE THE
BE GQINNING

AT HE END OF THIS PHASE of DEVELOPMENT, 1y
UNIVERSE IS A PRIMITIVE souP of  PHOTONS

NEWTRINOS, PROTONS, ELECTRONS, anp HELIUM NucLel.
By weIGHT, THE MaTTER Divibes INTO 5% HeLuuM AND

75%s Hyprogen (Free PROTONS ).

For | 700,000 YeArs.,. NoTHING wHAPPENS. THE

UNIVERSE CoONTINUES TO €EXPAND, AND THE PHOTONS EXPAND
with 11, THe PHOTON GAS CONTINWES 10 HEAT THE MATTER,

AND THE TEMPERATURES Tp AND Th.  STAY EQuaL

(THERMODYNAMIC EQUILIBRIUM),




AN TRANSPARENT UNiVERSE

ANOTHER MORPHOQENET IC  MECHANISA

COMES INTO PLAY. ELECTRICAL FORCES TEND o

ATTRACT  ELECTRONS To NUUE! Tp FORM ATOMS,
THERMAL  AGITATION IS SUFFICIENTLY LOW NOT TO
BREAK THESE STRUCTURES UP AS <SooN AS THEY
ARE FORMED, IN COLLISIONS  WI|TH OTHER AToMS

OR WI|TH OTHER. |NGREDIENTS OF THE Seup

“THeste

ATOMS. .. wiv 'NoRMouS GREAT

EE- LECKTRONS ... GIVES ME THE
CREEPS, IT pogs !

LiTTlE BY LiTTLE, ALL
THE FREE ELectrons AxE
CAPTURED BY NUCLEI.

AND THE  LUNIVERSE

WHAT DO vou MEAN, BECOMES  TRANSPARENT P
BecomesS TRANSPAR‘ENT.

DO You. MEAN IT WAS OPAQUE BEFORE_?

!
|

BeEFORE , PHOTONS weRe consTANTLY
INTERACTING  WITH MATTER . No PHoToN

COULD TRAVEL VERY FAR wITHoWT BUMPING

INTO SOMETHING IN THE SOUP.




DECOUPLING

ONCE IT WAS OVER, PHOTONS could -TRAVERSE THE LENGTH oF
THE UNIVERSE WITHOUT NOTICING THAT MATTER EXISTED.  PHoToNS AND

MATTER weRE DECOUPLED.  For Two REAsoNS, FIRST, THERE WAs A LoT
OF RooM . SECOND, PHOTONS INTERACT (eSS WITH NEUTRAL MATTER (A—roms),

‘ERE, 'ANG ON... WHEN YER (0OKS FRouGH A TELLYSCOPE, YER

"

LOOKS “STRAVGHT INTo THE PAST, " poNTCHAT

YES, BUT EVEN wWiTH A FANTASTICALLY POWERFuUL

TELESCOPE | You WOULDN'T BE ABLE To OBSERVE A PHENOMENON
THAT OCCURRED WHEN THE UNIVERSE (0AS onLY 100,000 YZARS oLb.

SQ, THE PAST... THE VERY ANCIENT PAST

OF THE UNIVERSE MUST ALUAYS STAY VAGUE
AN'  'AzY, RIGHT ?

Yes — 1's
IMPOSSIBLE TO PSycHOANALYZE

THE UNIVERSE .



ONCE  MATTER AND PHOTONS CEASE To INTERACT AND EXCHANGE ENERGY, THERMODYNAMIC
EQUILIBRIUM 15 DESTROYED, AnD THE TeMPERATURE T, OF MATTER STARTS 1o DROP
VERy RaPiDLy (As THE INVERSE SQuAaRe ofF THE RADIUS R ofF 7He univegse ):

/

WHILE THE TEMPERATURE TR OF PHOTONS — THE RADIATION TEMPERATURE — DECREASES

AORE SLOL«JLY, AS "'ﬁ‘ .

@;,Wl 7, :6 Q\ \ g\
Tr's eveRyoNE ! UY” /}( /}} e /)!

FOR NlMﬁELF) THESE DAYS.

Hey, wHAT's HapreNing?

Looks LIKE NIGHTFALL.

AND r's FREELNG oD
/

ALL OF A SUDPEN...

“THE UNIVERSE  eNTERS A kiwp oF TwWILGHT ZoNE. T
CONTINUES To cooL Down, THE . SKY CHANGES FROM  VioLeT o

DARX REP, (OHILE NGHT FALLS UKE A FROZEN BLANKET,

THERE ARE STILL A BILLIGN  PHOTONS FOR EACH AToAN OF HELIUM

oR WYDROGEN. BuT THESE PHOTONS, SPREAD oUT BY THE EXPANSION,

ARE SUFFERING FROM A KIND OF COSMIC ANEMIA. ..

o e I Ty S P PP =

H BIG BANG s oveR. For A Timg, VIRTUALLY NOTHING
REMAINS (ONE PARTICLE IN A BilLlonN), 1TSS As DaRk AS A BIACK
CAT v A TUNNEL AT  MIDNIGQHT.
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BRRR... BLASTED

BLue NORTHERS !

THE WAVELENGTH OF PHOTONS
1S O.15 mM, wHIcH CORRESPONDS
“T0 A RAPIATION TEMPERATURE
T = —173°C.

AToms  Now TrAVEL
AT 150 meTers [ sgconp,
So THE TEMPERATURE OF
merree T, = -2u7°C,

7SN R B
X "\{'/ﬁ.-'_‘

G TN
{7 3//./ LS ) / p

S0 2
7
AN A/
s ]
,"’#

GReAT... T cuess IVE coT SOME ST oF
IDEA How THE UNIVERSE WORKS, NOW.

BuT AN IMPORTANT

QUESTION REMAINS: WHAT'S

IT ALL FOR ©

You know, ARCHIE'S iGyuT.

WHAT's  1re pugpose”?

YuR... woTsiT

Gooo For?
/'_

k?
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j:IVE DISCOVERED THE
L... T - C
WEL . 6 BEGIN WITH ) -THERE ( AS BAS!

A LoT of ANYTHING i1~ A STATE

CosMowoaicaL PrRincPLE .

OF TOTAL CoNFUSION,

Avo Hen THE UNIversE  SET
ABOWT MRAKING STRUCTURES , wHicH
gEcAME moRe D moke  COMPLEX ... WHY MAKE THINGS SIMAE
WHEN Sou AN Make THEM
COMPLICATED ?

NUCLE!, ATOMSses

HumpH ... NoT BAD,
YeR LITTLE  OHAGay QoD
STory,.. BuT T's JusT

BLINK/N' SPECKYERLATION.
1HEOC ~RETTICKLE FANTASIES.
WeT MAKES yER EINK RERUTY

1S REALLY LIKE THATC




To ANSWER [ENNYS QUESTION, LET's LEAVE

1Hi5 CARPET UNIVERSE AND RETURN OURSELVES TO

me PRESENT,

AND WHAT COMES NEXT®

“THE FORMATION oF GALAXIES,

stars... 7

Yow'ReE LeEAVING THAT
BT ouf ?

AHAT'S ALL ForR Now , TIRESIAS.

Lenny's HAD eNougH !
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THE DOPPLER EFFECT

Now WOTCHA MUCKIN' ABAHT wiv ¥

You'LL /
SEE. I m QoING

To
SEND  some MESSAGES .

AT THIS END, A RouLeR
MOVINE RT A CONSTANT SPEED

C PulLs -THE TAPE ALONG.

AT THE OTHER €ND, AN O0SCILLATOR

(peNDULUM) TRACES our A SINuSOIDA L

CURVE ON THE PAPER.

T CAN REQULATE THE

FREQUENCLY N -~ THE NUMBER OF
TUSTING

OSCILLATIONS PER SECOND— 8Y AD

THE PoSIMoN OF THE wkigHT

ON  THE PENDYLUM ARM.
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~
HE WAVELENGF OF THE SIGNAL RGCENMM%
4

rd

[ ]
Richrey — Ho! AN’ L CcAN mersuRE

e

N

THERE ARE

So eAcd

"y,
H“u

NT# ©F 3
10-AND-FRO OF THE pENDULUM  TAKES ONE w

PERIOD  OF THE whve, DuRiNg

OSCILLATIONS EVERY SECOND.

A SECOND: THAT'S THE

qHAT TimE, THE TRPE MOVES A DISTANCE A=
¥

( THE WAV ELENGTH ).

Low FREQUENCY , Lona \

\

HiaH FREQUENCY , SHORT PERIOD,

PERIOD, LARGE WAVELENGTH.

SMALL  WAVELENGTH,

“I1's IMPoRTANT,

COMMUNIcATION 1S,

Goob. T’L TRy AN ExPERIMENTAL

LOoNG - DISTANCE TRANSMISSION.




ity Does THe

PEDALING , Goob...

Hey, woTcHa up 1er © ARE
YER FIDDLIN'

WIV THE FREQUENCY !

.

SOMETHING FUNNY HAPPENS

AH, 1T'S BACK To NORMAL AGAIN.
WHEN T mMovE Twe RPPARATUS.

T PUT IT BACK WHERE
IT WAS.

WiLLY - vER sSURE Yer BIN
PEDDLIN" STEADY-LIKE .

"

OF course !

YER BIN PeDDLIN' QUICKER . ‘

“fHeg RlGoR OF EXPERIMENTAL METHOD




WiLly, GeT Pebbun', DAMMIT |

T AM PepAlLING
Yow -TweR P!

Te yow DoN'T LIKE IT, you CAN IO

THE TOR mMSTEAD OF Me !

=

U
Houb IT, Holb IT. WHATS

THE PROBLEM ¢

TT's BACK To NORMAL AGARIN NOW.

Bur A WHILE AGO THE WAVELENGTH
sUDDENLY INCREASED (A)., “THRT IS, THE APPARENT
THEN,

FREQUENCY OF THE RECEIVED S1GNAL DROPPED.

INTERVAL OF NORMAL RECEPTION (3)’ 1HE FREQUENCY
THE WAVE LENGTH A GOT SHORTER

AFTER AN
INCREASED (C) ... THAT IS,
AGAIN,



Hey, you quys:
CAN T stap wnow:

N

yegs, Wil

HolLD youRr HORSES.

WitLy sAyS HE kefr PEDALING

PERHRAPS THE PAPER

STRETCHED OR SHRUNK ?

ﬂ) ----- No, Arcrie. Tx's e

DOPPLER-FIZEAU EFFECT.

STEADILY ALL THE TIME.

Thg POPPLE —

oy ar? CART, You CHANGED

[UHEN you MVED THE

THE APPARENT FREQUENCY.

WHEN THe CART MovEs AWAY,

THE SINUSOID IS STRETCHED, AND

THE FREQUENCY APPEARS LOWER




WHeN THE CART R€‘TuRNS/ ADVANCING ALONG THE TAPE, THe SINUSOID
IS SQUASHED, AND THE FREQUENCY APPEARS To BE HIGHER.

AHAT'S EXACTLY WHAT HAPPENS WHEN You usTenN o
PASSING AT HGaH SPEED.

THE WHISTLE OF A TRAIN
WHEN IT's APPROACHING , THE SOUND SEEMS HIGHER; WHeN IT

PASSES THE SOUND CHANGES To A LOWER NOTE.

Hey, THAT's INTERESTING. ..
WITH A SYSTEM (KE THAT, |F
T kNow AHeaD OF TIME THE WAVELENGTH

oF THE SIGNAL BEING emITTED BY A "AND OHAT HOLDS FOR SOUND
MOTIONLESS SOURCE | T CAN CALCULATE 1S Aso TRue of LIGHT, OBJEeCTs
THE speeD OF APPROACH oR RECESSION THAT ARE MOVING AWAY LOOK MORE RED,
OF THE SOURCE. AND THOSE THAT ARE APPROACHING

LOOK MORE BLUE.
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//—’FA\R ENOUGH — LET'S TRY -THE EXPERIMENT AGRIN. P}
&_—

MAN  YouR PoST,
why.

{

g's CHANGED THE FREQueNd.?

Tr's HAPPENING AGAIN,
JusT LIKE LAST TIME.

No | You BuNCH ofF DUMMIES,

Yur et's rr!

g ) [ T Am NoT MoVING oFF !
E's sSTILL MOVIN  ORF ,

TIm HERE /

AND THE oSCLATOR'S
STILL OVER -THERE .
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we FLIGHT o e
~ GALAXIES

To's THe STORY ofF THE
EXPANDING CARPET...

THATS ReALLY ToRN IT/

AND  TiaT was How, |N 1930, Epwin HUBBLE
PISCOVERED  THE  EXPANSION oF -HE UNIVERSE ,

By NOTICING THAT DISTANT GALAXIES WERE MOVING

AwWAY FROM us. BecAuse oF THe Doreler- Fizeau

EFFE(_T) “THEY APPEARED REDDFR AND REDDER, THE
FURTHER DISTANT THEY WERE.

THESE 'YDROGEN ATOMS
EMIT  UGHT AT A WAVELENGF OF
I em, v FeorRY. THeE DoOPPLER
'eFFecK spyows A SPEeED 6F RECESSiaN
OF 2000, 4000, AND (OO0 kM/sec.

HuBBLE courd Eestimpte THE
DISTANCE SEPARATING US FROM THESE

GRLAXIES | By coNSIDERING THEIR RAPPARENT

LuminosITY.  He pebucep TwAT THe VELoCITY
OF ReECESSIAN was PROPORTIONAL.
7o THEIR DISTANCE AwWAy fRom us.

€000 fcm/s




UMPE.  So wozzaT Mem? Fings
H'ACCELLYRATE HEN THEY GET FURTHER
AWAY FRoM us ©

ﬂ, NoT ExACTLY.  Tue cageer

EXPANDS IN ALL DIRECTIONS. JImAGIvE

A PoINT A wHicH, AT TIME t=0,
IS ONE METER AWAY.  AFrer one

) SECOND, 1T 15 AT 1.2 METERS.

-

So ITs

SPEED OF RECESSIoN 15 20 M /sec.

1IN THE SAME Periop OF TIME,
A POINT B, S\TUATED IMTIALLY R

METERS  AWAY, ENDS UP AT A DISTANCE
OF X4 merers (a1 B'). Anp 7S
SPEED oF RecessioN RELATIVE
TO Yoy s 40 cmlsec.

“THERE'S NO VARIATION OF THE
WAVELENGTH IF BOTH TRANSMiTTER
AND RECEIVER MoVE AT THE SAME
SPEEDS ON PARALLEL PATHS.

THe DOPPLER grrect Teus
Yow RELATIVE VELOCUTIES,
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So OuR ENTIRE UNIVERSE

IS UNDERGOING AN
EXPANSION ?

LisTeN, TVE GoT ANOTHER

EXPLANATION. OSUPPoSE -THAT TIME. ..

1S SPeeDING uP.

BWT THAT... THART
DON'  MEAN Auwwx.’

= fa

\ ? \(;%

AS THE

You CAN THINK of THE OSCILLATIONS OF ATOMS — HYDROGEN, SAY—
TMAGINE A UNIVERSE WHOSE  PULSE AcELERATES,

”FMLSE\\ OF THE UNIVERSE.
Tmages oF THE PAST LOOK

{He oLDER You GET, THE FASTER THE PULSE BEATS.

LIKE A SLOW-MoTON FILM. AND THE DoPPLER EFFECT IS JUsT AN

1LLusSion,

Tupt's CERTMINLY AN IDEA, TIRESIAS — N THe
IMAGINATION  ANYTHING S PoSSIBLE.  UWHAT YoU'RE EEALLY SRYING
IS THAT THE |AWS OF PHYSICS MIGHT EVOWE |N TIME, wHICH

IS AN IDEA suggesTep BY FRep Hovie.

BuT THere's ANoTHER ARGUMENT IN
FAWR OF THE EXPANSION, AND TS

COROLLARY , rye BIG BANG.
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A WHILE BRK, WE SAw THAT ONLY ONE PHOTON IN A BILLION WAS

TRANSFORMED INTO MaTTER.

SO  THERE SHOUWLD STILL BE R LARGE NUMBER OF THESE

PRIMITIVE PHOTONS, agsuT 500 PER CUBIC CeNTimeTer . (AND 4S

MANY NEUTRINOS, BUT THey'Re HARPER

-TO DETecT.)

THEIR WAVELENGTH  SHoulp BE

ABOLT 5 MM, WHICH CoRRESPONDS TO

A RADTION TEMPERATURE Tp OF 3 DEGREES

ABsoLTe (- Q70°C ).

“THESE PHOTONS , OF VERY LOW ENERGY,

WERE DeTeCTEp Ry TENUAS AND  UWILSoN IN

Bla

Q4. “THey ARE THE CINDERS OF THE

BANG °, TANGIBLE PROOF oOF THE GREAT

Cosmic DANCE.



FRiEDMANN MODELS

SOPHIE — (WHAT CAUSES LTS THe PRESSURE  Forces.

TT HAPPENS BEcAyse THe UNIVERSE
EXPLODED LIKE A BomB.

THE  H'eXPANSION OF THE
UNIVERSE ©

AND DOES NOTHING

>

oPPoSE -THIS EXPANSION .

/
D0 CANT VER FINK OF A

OF GEAV
/IHE FORCE R UNIVERSE WHERE  THESE

TENDS To MAKE THE FORCES, PRESsuRE AN’

UNIVERSE COME ToGETHER
AaAaN-To IMPLODE .

GRAVYTATION, BALANCE

ART 7

IT CAN BE SHOWN -THAT
SUCH A BALANCE 1S jMPosS|BLE.
THE SUGHTEST DISTURBANCE AWAY

FROM BALANCE, AND -THIS “STATIC'
UMVERSE WoylD EI(THER

IMPLODE OR EXPLODE . .
[MPLOSON
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~COSMOLOGICAL HORiZON

SOPHIE — ACCORDING TO

)
HUBBLE'S LAW, THE SPeEeD oF RECESSIoN
WITH THEIR

OF OBJECTS /NCREASES

DISTANCE , ..

SO, (OGICALLY, THERE SHoulD

EXIST ORJECTS THAT RECEDE FRoM U5

AT SPEEDS EQuAL To, OR GREATER TﬁA—N/

THE sPeep of LIGHT!C

BUT... We uLbn'r

ECEIVE  UGHT FROM

THosE !

WHY NOT © Te A PLANE
FUES PAST Mg AT SUPERSONI|C

SPEED, T CcAN STILL HEAR THE
SONIC BOOM.

My DEARS, You HAVE
o LOOK AT THINGS IN

A DIFFERENT UGHT.




DeR prenomenoN of  MOTION wAs e €FfecT oN Del
“TIME (5K), Ein OBIECT VOT MooFS AT A SPEED

APPROACHING »AaT OF LIGHT, 300,000 kMlsEc, seeMs— <
RELATIVE ™ us , DE GPSERVERS— To BE (N R DIFFERENT /
"TIME BUBBLE." VE QOPSERVE ITS MESSAGE AS A KIND —
OF sLow- MOTioN FILM.
FCMC‘Z

|F -THIS 0BJecT MoVES AWAY FROM uS AT THE
ITSELF, THE TIME DISCONNECTION BECOMES

AND
SPEED OF LIGHT
1o7AL. TTS TIME SEEMS TO FLow LIKE TREACLE.

BECAUSE OF -THIS SLIPPAGE | ™IS SKIDDING
OF TiMes RELATIVE To €ACH OTHER, THE
FREQUENCY OF LURVES AT THE RECEIVER |S LOWERED,
AND -THIS PHENOMENoN, A RELATIVISTIC EFFECT,
AcTS (N appiTion To THE DOPPLER efFecT.

WHEN -THE VELOCITY OF RECESSIoN oOF THE

TRANSMITTER, RELATIVE TO US, REACHES c, THEN

THE FREQUENCY OF THE RECEIVED WAVES FALLS To

2eRo. THE SAME Goes FOR THE ENERGY, THE
WAVES AND THE MessAge !

Waves oF ZzZeRo FREQuUeNc! ARE

WAves GoobBYe !

(%) See EVERYTHING IS RELATIVE, same series
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FoR THE ORTECTS —THAT SURROUND uS, A RELATIVE VELOCITY EQUAL
o 300,000 KMISEC |5 ATTAINED on A SPHERE cAuep tHe HORIZON.
IT 15 NOT -THE FRONTIER OF THE THINGS THAT EXIST: BT THE FRONTIER OF
me THINGS WE CAN KNOW ABOUT. THE ACCESSIBLE UNIVERSE IS
TuST A TINY PART OF THE VASTER UNIVERSE. THIS HOR\ZON 1S5 AT A
DISTANCE OF SoOME TeNS OF BILLONS OF LIGHT-YEARS. THE RANGE

OF THE MoST PoweRFUL TELESCOPE oN THe EARTH TODAY THE PALO MAR
/
TELESCOPE , 1S ABOUT A4 BILLION LG HT-YEARS. /fM |§ 14

- B

)s THE MEANING OF THE RADIUS R of THE \

So WHAT, NOW, >
UNIVERSE ! /J

7 ;

| J2
4 7
(I 2D

~

OuR. STORY BEGAN WHEN THE
UNIVERSE WAS AGeD ONE HUNDREDTH
OF A SECOND, TMAGINVE THAT AT THAT

4

MoMeNT WE HAD DRAWN A CIRCLE, OR
BETTER A SPHERE , OF RADIUS R. -THeN

FoLLow THE EXPANSION OF THAT SPHERE OF
]
REFERENCE AS TImg FLOWS. THRT'S ALL.

By DoiNG THAT, we pon'r
PREJUDGE WHETHER SPACE IS
FINITE OR INFINITE (¥),

‘SHE 's GoT
LOVELY EYES...

HIS cARTooN
Book 1SN'T
FinisHED YET -

Bi-Hi-Hi

@"3 Sge  HERE'S LOOKING AT EUCLID, saMe SERIES.



TeLe ME) THEN. INSTEAD

—_—
) ) In A SENSE
OF H EXPLOPIN courp

THERE'S THAT

In FACT, jT's PossiBLE

QUR  UNIVERSE IMPLODE © THAT TIME MIGHT DECIDE o
possiBiLiTy,

RUN BACKWARDS...

ANOTHER GADGET,
ARcHIE 7

ARCHIE HAS ATTACHED TwO MAGNETS To
ROLLER SKATES, MAKING THEM ATTRACTED TO

EacH OTHER. BuT A ComPRESSED STRING TRIES

70 PusH THE SKATES APART AGAIN.

You SEE, THE MAGNETS

REPRESENT THE FORCE OF
GRAVITATION, PULLING THINGS

TOGETHER .  THE SPRING IS THE
FORCES OF FPRESSURE.




WHeN L et Twe  1HNG o,
THE SKATES ARE PROPEWLED FAR
ACPART,

“THERE ARE TWO PosS)BIUTIES...
IF THE IMPULSE GIVEN BY THE SPRNG
IS STRONG ewouaH) THE SKATES will

CONTINUE TO SEPARATE INDEFINITELY. THE
FURTHER APART THEY GET  THE SMALLER WILL BE THE FORCE

OF ATTRACTION ; WHICH VARIES AS THE INVERSE SQUARE
DISTANCE |

IF THERE'S NO FRICTION | THE SKATES WILL EVENTUALY ACQUIRE
A CONSTANT SPEED,

ON THE OTHER HAND, (F THE IMPULSE FROM
THE SPRING 1S T00 WEAK, OR THE MAGNETS 100
>51’R0N61, A{HeN THE SKATES WILL RETURN, "FALLING

OTHER AT AN [INCREASING SPEED.”

&‘ EACH

THIS suqgesTs Tw0 PoSS(BLE TYPES OF UNIVERSE:

FIRST SCENARIO: -He EXPANSION CONTINUES  INDEFINITELY. WHEN THE  LAST STARS
lECOMe EXTINCT, -THERE witL BE ETERNAL NIGHT, ABSOLUTE COLD, THERMAL DEATH.

&7



L/; SELOND sCENARID THE FORCES OF GRAVITY FINALLY

< \é/{z WIN ouT.  AFTER REACHING TS MAXIMAL  gyxrTeNSION,
%}3\6' c THE UNIVERSE 'FALLS BACK ON ITSELF  ALL STRUCTURES —

GALAXIES, STARS — ARE SQUASHED FLAT, THE VERY

ATOMS ARE BROKEN. Anp THE  BIG BANG unBANGS
7/ ITSELF AGAIN ... READY FoR A NeW  REBounD OF THE
/ \ UNIVERSE, AND A NEW PHASE OF EXPANSION.

AHE  SwISS MATHEMATICIAN
FRIEDMANN /nVENTED THE FIRST

TIF I HAP KNownN DER

UNIVERSE CoulD Be NONSTATIONARY

/
T vouLp HAF' DISCOFERED DEM
BerFoRe  FRIEDMANN ()

NONSTATIC MODELS OF THE

UNIVERSE v 1930,

MR ALBERT, WHO— AT THE COST oF

ABSOLUTELY IMPOSSIBLE MATHEMATICAL  ACROBATICS —

WAD BOTCHED UP HIS STATIoNARYy MODEL IN [I7, WAS SOMEWHAT

PEEVED FRIEDMANN HAD SToLen His victory,  HE suikep ABouUT

GeneraL  RELATIVITY fOR  MANY  LONG YEARS.

, ACCORDING To THE  Fp epManN

MODELS | THE UNIVERSE UNDERGOES INDEFINITE
EXPANSION IF THE (PRESENT) DENSITY OF

-30
MATTER 1S LesS  THAN 5 x (0 GRAMS Pek
CUBIC CENTIMETER. THe UuNIVERSE  woulh

THEN HAVE AN INFINITE VOLumE , AN INFINITE

SPATIAL EXTENT.

<’7F'> AUTHENTIC  REMARK OF EINSTEIN, : 6 8



THE GEOMETRY..
OF THEUNIVER

THE UNIVERSE 1S, To us, A Foue—

WHAT SHAPE s
™e uNwanse_P

DIMENSIONAL  HypgrsuRFACE , IN WHICH SPACE AND
TIME ARE  INTERMINGLED, THE IDEAS DISCUSSED
ABOVE CORRESPOND 0 DIFFEReENT PRESENTATIONS
of THIS UMVERSAL ENTITY AT IS
SPACE-TIME.

RECALL THAT THE NUMBER  OF piMENSIONS
OF A SPACE s -HE
NEEDED 15 perine
WITHIN

NOMBER OF QUANflT‘ES

THE PoSITION oF A POINT

T

Meer me @ [’fuesnny AT || OCLocK_J AT THE CORNER
OF@_ anp @) [Frm Sreeer]| o m
\@} @ M ! FOUR QUANTITIES.

TN DRAWINGS, WE CAN oNLY

REPRESENT SPACES oF TWwWO

—

DIMENSIONS, OURFACES.

SO WE  cAN STuby A SPACE-TIME

WITH TwO DIMENSIONS, ONE OF

SPACE  AND  ONE OF TImE.

£9



IN THIS WAY THE FIRST MoDEL OF

A CLOSED UNIVERSE , THE STATIC MoDEL
of EINSTEIN, IS REPRESENTED AS

A CYLINDER.

Lessee NAR... g T unNERSTAN

WE'RE |NSIDE  THE CyL[NDER.?

AT A GIVEN INSTANT AN

0BJECT 1S REPRESENTED 8y A
M oN THE SURFACE; AND THE

POINT

g pr THAT INSTANT REDUCES

U NIVERS
To A CIRCLE

T1E THE OBTECT IS MOTIONLESS
T DESCRIBES A GENERATOR OF THE

cyUnNDER (A UNE Along ITS

LENGTH) AS TIME FLOWS,

TT IS EASY To REPRESENT THE

EXPANSION OF THIS CLOSED

UNIVERSE A5 A  FUNCTION OF TIME,

GIVING A NONSTATIONARY  MODEL

OF 7THE WUNIVERSE,

fOR EXAMPLE, HERE'S
A  Two - pIMENSIONA L

PlCTURE OF AN INDEFINITELY
EXPANDING SPACE-TIME.




THE CYCUC UNIVERSE LOOKS
LIKE A LOT OF UNK SAUSAC‘ES,

BOUNDARY oF TWE umveese

BuT coME TO THAT, (yHyY SHouLD
TiME HAVE 7o BE “OPEN," THAT 15,
OF

INFINITE EXTENT BOTH ;NTo THE

FUTURE AND THE PAST°

YER MEAN YER couLd
"AVE Time woT... CLOSES

ur o ITSELF?‘




No PROBLEM ... If

You clos€ THE EINSTEIN MoDEL

UP oN ITSELF, you GET... A

-TORUS.

THE SAME EVENTS
AFTER A TIME T

Tn THIS  TOTALLY  CLOSED SPACE - TIME ,

REPEAT THEMSELVES OVER AND OVER AGAIN,
PERIOD OF THIS WEIRD UNIVERSE.

WHICH 5 THE

BiIG BANG
SINQULARITY

You CAN ALso MAKE A cyeuc

UNIVERS E COLLAPSE ON \TSELF.

STATE oF MAXIMAL
EXPANSION

TIr's A STRING OF SAUSAGES, CLOSED UP ON

eresent |TSELF, WITH TusT one 5AusAqe'.

OH, Look.aT LENNY 11

HE's crAckeD uP
compLeteLy. You coud
SEE |T COMING...



EPILOGUE

So THATS wWHAT we KNow

ABoUT THE BEG/NNING OF
THE UNIVERSE.

AT LEAST, THATS WHA
WE curRENTLY THINK WE
KNOW. IrS CcHANGED
INNUMERABLE TIMES /n
THE LAsT 5000 vears!

1]
’ﬂ*IE EFFORT TO uNDERSTAND THE
ONE of THE veRy FEW

UNIVERSE IS
THINGS THAT
LITTLE ABOVE THE

LIFTS HUMAN LIFE A
LEVEL OF FARCE, AND

GRACE of

GIVES IT SeME OF THE

TRAGEDY.
SteveN WeINBERG

Tue FirsT Treee MInNUTES




n¢ COSMODRAMA -

TIME ’TEMPERRTURE DENSITT PHENOMENA ?
BEFORE T> (0% ?
e zZ D
L (O peg ~
Tg'—— ser 300 BiWioN 0/ ///x UNDIFFERENTIATED SoUuP OF PHOTONS, NEUTRINoS,
oo DEG, > % ANTINEUTRINOS (-THE PHOTON IS |TS OWN
, /| ANTIPARTICLE), PROTONS, ANTIPROTONS ,
m NEUTRONS, RNTINEUTRONs) ELECTRONS , AND
| sgﬁgm ANTI ELECTRONS (POSITRONS),
'—:éo sec 1060 BilLioN 4 er;uoN SLAULGHTER OF THE HADRONS (PROTONS,
PEG, am/CM™ | A TIPROTONS, NEUTRONS, 4NTINEUTRONS).
ONE IN A BILLION REMAINS. THE ResT
HAVE BEEN ANNI HILATED BY THEIR
ANTIPARTICLES, PRODUCING PHOTONS.
30 BiLLion
0 g
l|0 seC reg o \k@ NoT A LoT, Too HOT FOR AToMIcC
o>} 4 NUCLET To FORM.
— !
| sec 10 BiLLION 380, 000 NEUTRINOS “LIVE THEIR owN LIVES® AND
LW Deq. am/cnd CEASE TO INTERACT WITH MATTER,
13 sec |3 BiLLioN BATILE BETWEEN THE ELECTRONS AND 1HE |
DEG. % 4= ANTIELECTRONS . ARIN ONLY onE IN A BILION
[._ i SUYRMVVES,
3 MmN | BitLioN NUCLEOSYNTHESIS ! FORMATION OF HEL UM
DEG. NUcLEr, DISAPPEARANCE OF FREE NEUTRONS
(LiIFETIME: 109 sec),
I
35 Min 300 MiLLioN !c,M/CM3 NUcLEosynTHES IS FuLLY AchiEvED : 5%,
DEG. Heriom, 75% Hybrogen.
— - |
1700, 000 yr 3000 ©DEG. AFTER THE ANNIHILATION OF ALMOST ALL
MATTER AND ANTIMATTER, —THE UNIVERSE
\Ew-rzﬂs “THE "RAPIATIVE ERA WHERE
!MRTTER/ENEQGY oCCcURS CHIEFLY AS RADIATION.
WHeN THE TEMPERATURE DRoPs To 3000°
. NeUTRAL ATOmS FORM AND PHOTONS CERSE
" TO INTERACT wITH MATTER: THE "TRANSPARENT UNIVERSE
100 MitLoN Te= -173°C No LONGER REHEATeD BY FPHOTONS, NEUTRAL
7R T =-267°C AToMS OF HELIUM AND HYDROSEN uUNDERGO
m A RAPID DROP IN TempPeRATURE. FORMATION
}' OF GQALAXIES AND THE FIRST STARS.
5 BiloN T FormATION OF -THE EARTH,
YR
T
10 BiLLioN 10 s EMERGENCE oF LIFE .

(:ODHY

TaveNTION OF THE ATOMIC BOMB...

|
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