
CHAPTER ?
THE FORCES

In  the prev lous chapter  we d lscussed fern ious,  the
bui ld ing b locks of  nat ter .  rn  th ls  chapter  we conslder
Nature's norEar .and, troweL the forces through whlch the
fermions ln teract .

fn  conrnon usage the term " force"  neans a t tpush"  or
"pu l l . ' r  Phys i c i s t s  use  " i . n te rac t l on " ,  a  no re  genera l  t e rm,
to  desc r lbe  the  fo rces  be tween  pa r t l c l es .  Pa r t l c l es  i n te rac t
wi th  f ie lds.  The in teract ion changes the par t ic le 's  monentum
or i ts  energy,  or  the in teract ion may change the k ind of
pa r t i c l e .  The  te rm " i n te rac t i on "  a l so  desc r lbes  EFdecay  o f
an  i so la ted  pa r t i c l e ,  such  as  be ta  decay  o f  a  neu t ron .

In  Ch .1 ,  we  desc r ibed  how phys i c i s t s  deve loped  the  l dea
o f  a  f i e l d  t o  exp la l . n  ac t l on  a t  a  d i s t ance .  I n  Ch .5 ,  we
discussed the quantum nature of  mat ter  and energy.  Current
theo ry  b lends  these  concep ts :  f i e l ds ,  and  the re fo re  the
fo r ces ,  a re  quan t l zed .  Wh i l e  c l ass l ca l  f i e l d  t heo ry
success fu l l y  desc r ibes  the  macroscop ic  behav lo r  o f
e lec t ro rnagne t i sxn  and  q r rav i t y  ( "nac roscop ic "  i n  t ha t  we  fee l
these  fo rces  C l rec t l y ,  on  the  human  sca le ) ,  we  requ i re  a
quan tum f i e ld  theo ry  to  unders tand  the  fo rces ,  espec ia l l y  t he
s t rong  fo rce  and  the  weak  fo rce ,  d t  t he  scaLe  o f  t he
fundamen ta l  pa r t i c l es  .

I n  t he  fo l l owrng  pages ,  w€  w i l l .  d i scuss  e lec t ronagne t i sm
and  q r rav i t y  as  f  i e l ds .  f heh  we  w i l l  ou t l i ne  the  p r : . nc lp les
o f  quan tum f re ld  theo ry  1n  o rde r  t o  desc r ibe  the  fou r  f o rces
a t  t he  sca le  o f  pa r t i c l es .  We w l l l  i nvoke  quan tuu r  f i e ld
theory to  expla ln  why the forces d l f fer  1n range and why the
re la t i ve  s t reng th  o f  t he  fo rces  depends  on  d i s tance  be tween
pa r t i c l es .  F rna l l y ,  we  w111  p resen t  ev i dence  t ha t  t he  f o r ces
a re ,  1n  f ac t ,  r n te r - r eLa ted .

FIELDS: ELECTROMAGNETISM

As  d l scussed  i n  Ch .  1 ,  e lec t r i c i t y  and  maqne t i sm a re
man l fes ta t l ons  o f  t he  same under l y inq  fo rce :  a  mov ing
e lec t r i c  cha rge  l nduces  a  magne t l c  f j . e ld ,  and  a  changrng
magne t j . c  f i e l d  p roduces  an  e lec t r i c  cu r ren t .

The e lect romagnet ic  force is  on ly  one-hundredth as
s t rong  as  the  s t rong  fo rce .  (No te :  we  w j . I 1  compare  the
re la t i ve  s t reng ths  o f  t he  fou r  f o rces  as  they  wou ld  a f fec t
two  qua rks  pos i t i oned  10^ -1 .3 ' cm apar t .  Re la t i ve  s t reng ths
va ry  w i th  d l s tance ,  f o r  reasons  we  w i l l  d l scuss  a t  t he  end  o f
the  chap te r .  )  The  e lec t romagne t l c  f o rce  a f fec ts  a l l
e lec t r l ca l l y  cha rged  pa r t i c l es .  I t  has  i n f i n i t e  range ,
a l t hough  i t s  s t reng th  dec reases  as  1 /R^2  (where  R  i s  t , he
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dlstance between two charges).  The electronagmetlc forcedeternlues rhe structure of atons ana-uoieAi;;: ,lit-ilaie 
',r"

fron fal11ns throush rhe f loor, ana it-p;;; ia;; ' the-crremlcal
energy that powers rockets and blrd w1ngs.

The concept of a flerd serves werr to d,escrlbe the gross
features of  e lectromagmetlsn.  rn fact ,  w€ can vlsual lze theeLectromagnet lc f le ld:  p lace a bar nagnet f rat  on a table,
and lay a st l f f  sheet of  paper on 1t .  spr lnkre f lne l ronf i l lngs on the paper.  As tne f l r ings rarr ,  they oi i "nt
themselves along curved llnes l inkirig the north and southpores of  the nagnet the l ines of  ine nagnet i .c f ierd,  whichperneates space around the magnet.

Ao5n.*ic
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The  e lec t r i c  f o rce  on  a  s ta t l ona ry  cha rged ,  pa r t i c re  1s
F  =  qE ,  where  E  i s  t he  l oca l  e lec t r l c  f i e Id ,  and  q  1s  thepar t i c l e ' s  e lec t r i c  cha rge .  The  l oca l  f l e l d  i s  dd te rm ined .  by
the  d i s t r l bu t l on  o f  o the r  e lec t r i c  cha rges .  rn  the  s i rnp res t
case ,  t he  fo rce  exe r ted  by  one  e lec t ron  on  ano the r ,  t he
f i e l d  E  -  q /R^2 ,  and  t he  f o r ce  F  =  q^Z /R^Z .
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An e lect r ic  charge movlng through super lnposed e lect r ic
and  nagne t l c  f l e l ds  expe r lences  a  fo rce  F  =  q (E  +  v / c  X  B ) ,
where v  ts  the par t lc le 's  ve loc l ty ,  c  ls  the speed of  l lght ,
and B ls  the local  naqrnet lc  f ie ld .  The ncross product , , r  N,
lndlcates that the uragnetic component of the force ls
perpendj .cu lar  both to  the ve loc l ty  and to  the nagmet lc  f ie ld .
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F T E L D S : GRAVITY

The  g rav l ta t i ona l  f o rce  a f fec ts  a l l  pa r t l c l es ,  bosons  as
we l l  as  fe rm lons .  Grav i t y  bends  the  pa ths  o f  pho tons  as  we l r
as  t he  pa ths  o f  s t a r s .  On  t he  sca le  o f  t he  pa r t i c l es
g rav l t a t : ona1  e f f ec t s  a re  neg l i g i b l e  ( abou t  10^ -39  t he
s t reng th  o f  t he  s t ronq  fo rce ) ,  bu t  t he  g rav i ta t i ona l  f o rce  i s
cumu la t i ve :  t he  fo rce  o r  g rav i t y  j . nc reases  as  mass
lnc reases .  A t  t he  sca le  o f  s ta rs ,  1 t  somet rnes  ove rwhe lns
the  o the r  f o rces :  q rav l t y  c rushes  the  co res  o f  t he  mos t
nass l ve  s ta rs  when  they  d le ,  and  t l da l  f o rces  nea r  b lack
ho les  can  r i p  apa r t  a tom lc  nuc le i .

We  can  desc r ibe  the  fo rce  o f  g rav i t y  i n  Newton lan  te rns :
F  =  -GMn, /R^2 ,  where  M and  m a re  two  masses ,  R  i s  t he  d i s tance
separa t l ng  the l r  cen te rs  o f  mass ,  and  G  i s  t he  g rav l ta t l ona l
cons tan t  ( see  ch .1 .  ) .  we  can  ca l cu la te  t he  g rav i t a t i ona l
f i e l d  mo re  p rec rse l y  us l ng  E ins te i n ' s  me t r r c ,  and  we  can
neasure  the  f i e ld  ( t he  cu rva tu re  o f  space t ime)  w i th  tes t
nasses ,  dS  desc r i bed  i n  Ch .3 .
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cravity 1s unlque aJ[ong the forces in that 1t 1snnonopolar: ' r  1t  1s always at t ract lve always "pu11" and
never "push. " i{hl]e the other forces lnvolve opposite
charges  (e .g .  pos l t l ve  and negat lve  e lec t r i c  charges)  g rav i ty
has  on ly  one r rcharg te , ' r  t rass .  There  ls  no ' tan t i -9 rav l ty . ' ,

Only at t ract ive,  never repuls lve,  the force of  gravl ty
i .s cunurat lve 1t  increases wlth lncreaslng nass and l t
is  sel f -auqrurent lng.  A large mass accunulates more nass by
gravi tat ional  at t ract ion,  whlch produces a stronger
grav l ta t iona l  fo rce  (g rea ter  spacet ime curva ture) ,  wh lch
at t rac ts  more  mass  , .

Grav l ty  i s  un igue,  a lso ,  in  tha t  i t s  neasure ,  spacet ine
curvature,  determines the very gr ld we use to plot  the
ef fec ts  o f  a l r  the  o ther  fo rces .  rn  a  way,  the  o ther  fo rces
are  super lmposed on  the  fabr ic  o f  spacet ine .

Q U A N T I Z E D  F T E L D S :
PARTTCLES

UNDERSTANDING FORCES AT THE SCALE OF

The  concep t  o f  a  f re ld  se rves  we l l  f o r  e lec t romagne t i sm
and grav i ty ,  but  quantum mechanics demands a neer  moder  of  the
fo r ces  a t  t he  sca le  o f  pa r t l c l es :  t he  f i e l ds  t hense l ves  mus t
be  quan t i zed .

As  we  d l scussed  i n  ch .5 ,  nass  and  ene rq ry  a re  quan t i zed :
they  cone  i n  packe ts .  By  ex t rapo la t l on ,  s ince  the  fo rces
t rans fe r  nomen tun  (p  =  mv  =  h /A  )  and  ene rgy  (E  -  h f ) ,  t he
fo rces  mus t  be  quan t l zed ,  and  the re fo re  the  f i e lds  tha t
t r ansm i t  t he  f o r ces  nus t  be  quan t i zed .

The  f i e ld  quan ta  (  "packag ies "  o f  f i e l d )  a re  ca l l ed' rbosons , ' r  and  the re  a re  bosons  assoc la ted  w l th  each  o f  t he
fo rces .  The  pho ton  i s  t he  f i e ld  quan tun  o f  t he
e lec t ronagne t l c  f o rce ;  t he  g rav l ton  i . s  t he  (hypo the t i ca r )
f i eLd  quan tum o f  g rav i t y ;  vec to r  bosons  a re  the  f i e ld  quan ta
o f  t he  weak  fo rce ;  and  g luons  a re  the  f i e ld  quan ta  o f  t he
s t rong r  f  o rce .  A11  the  bosons  have  been  de tec ted  i . n
acce le ra to r  expe r imen ts  excep t  t he  g rav i ton .

In  te rms  o f  f i e l d  quan ta ,  t he  e lec t ronagne t i c  f o rce
resul ts  f rom an exchange of  photons between charged
par t i c l es ,  and  the  g rav i ta t l ona l  f o rce  resu l t s  f ron  an
exchange  o f  g rav l t ons .
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A MODEL OF BOSON EXCHANGE

r t  1s di f f lcul t  to v lsual ize how part lc les can nedlate
forces: boson-nedlated lnteract lous are best descr lbed
abstractly 1n the nathematics of quantum fleld theory. There
1s an everyday analogy to boson exchange, bowever. fuaglne
two people on sr lppery lce throwlng snowbal ls at  each other.
The recoil of each throw pushes A away from B, and the lnpact
of the snowball pushes B away fron A.

reroil pvts\e.g
backwa'd'

A)Sr.,t

Now imaglne them
throw pushes A t,oward
pushes B toward A.

throwlng boonerangs.
B,  and the lmpact  o f

'trrpat 
f u5\es S lll \

The  reco1 l  o f  t he
the boonerang

ra.oi\ prei\e,s .
A {"o*i,'o\ 6il\

g{lo,^ra.r'\ A}$t.tt
i^pec | (,.s\e3oK

's=JAIV*L 6't
I n  t h i s  (g ross l y  ove rs imp l l f r ed )  mode1 ,  t he  peop le

represent  fermlons,  and the snowbal ls  and boomerangs
rep resen t  bosons .

THE WEAK FORCE

l{hi le we
d i rec t l y ,  t he
ou r  senses .

exper ] 'ence
weak force

Fur thernore,

e lect romagnet lsn and grav i ta t ion
works  a t  t he  sma l l es t  sca les ,  beyond

whi le  e lect romagnet ism and
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gravltat j .on conforn to our notlons of forces as "push and
pul I , r '  the pr inrary ef fect  o f  the weak ln teract ion 1s nore
sr- r -bt Ie .  I t  changes fermion f lavor .

The weak force af fects  a l l  fern lons leptons and
quarks,  charged and uncharged.  f t  ls  the weakest  o f  the four
forces only  about  a b i l l ionth the s t rength of  the s t rong
force and 1ts  ef fect ive rangre ls  qu i te  shor t
cR. ,  about  one- thousandth the d lameter  of  a  proton.

Neutron decay prov ldes the most  common example of  the
weak force at  work.  In  gross terms,  d[  lso lated neutron
decays to  a proton,  dn e lect ron,  and an ant l -neutr ino:

N
lron

I n  de ta1 l ,  t he  weak  fo rce  i s  med ia ted  by  f i e ld  quan ta
ca1 led  " i n te rmed ia te  vec to r  bosons r r  - -  t he  w+ ,  W- ,  and  Z
par t i c l es .  The  vec to r  bosons  a re  un lque  amonqr  the  f i e ld
quan ta  i n  t ha t  t hey  have  l a rq re  masses  ( the  o the r  bosons  a re ,
t heo re t r ca l l y /  mass less ) ,  and  t he  W 's  ca r r y  two  k i nds  o f
cha rge  an  e lec t r l c  cha rge  and  a  weak  cha rqe .  " (The  Z
ca r r i es  on l y  weak  cha rge .  )  The  vec to r  bosons  were  d j . scove red
a t  ene rg les  o f  81  GeV  (W 's )  and  93  GeV  (Z )  by  Ca r l o  Rubb ia
and  h i s  t eam in  a  b r l l l i an t  se r i es  o f  expe r imen ts  a t  CERN
( the  Eu ropean  acce le ra to r  cen te r ) .  They  had  been  p red l c ted ,
theo re t i ca l l y ,  by  s teven  Wernberq i  and  Abdus  Sa lam.

Ia neutron d,ecay,  E v i r tua l  W+ conver ts  one of  the
neu t ron ' s  down  quarks  i n to  an  up  qua rk ,  and  i t s  pa r tne r  W-
d i s in teg ra tes  i n to  an  e lec t ron  and  an  an t i -neu t r i no .
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The reverse reaction occurs durlng core collapse 1n a
supernova. when the supernova progenltor collapses on lts
l ron core,  the overwhelming force of  gravi ty I tsqueezes"
electrons lnside protons, Ieavlng a resldue of  neutrons.

@
e<-*yone,l

Rathe r  t han  chang ing  pa r t l c l e  f l avo r ,  t he  neu t ra l  Z
pa r t i c l e  medra tes  weak  sca t , t e r i ng r  even ts  (  even ts  i n  wh lch
par t i c l es  respons i ve  to  the  weak  fo rce  reco j . l  f r om each
o the r )  ca l l ed  "neu t ra l  cu r ren t "  i n te rac t l ons .  I n  t hese
even ts ,  t he  Z  p lays  a  ro le  s im l l a r  t o  t he  pho ton ' s  ro le  i n
e lec t romagne t j - c  sca t te r rng  .
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PARITY VTOLATIO}I IN WEAK INTERACTIONS

Un l1ke  o the r  pa r t l c l e  l n te rac t i ons
p re fe ren t i a l l y  p roduces  pa r t i c l es  w i th
1 .e .  t he  weak  f o r ce  v l o l a tes  "pa r l t y " .
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rParlty" refers to nlrror slmnetry. prlor to the
dlscovery of  weak par i ty v lo1at1on, physlc lsts bel ieved
Nature had no preferred direct ion and that part ic le
interact lons ln a nirror wor ld would be lndlst ingulshable
fron lnteract lons 1n the real  wor ld.  Too, they assumed
Nature had no preferred handedness and that part lcles would
equal ly  l lke ly  sp ln c lockwise or  ant i -c lockwise.
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Rettr wovld

The d iscovery of  par i t ,y  v lo la t ion ln  weak ln teract lons
shook  the  founda t ions  o f  phys i cs .  Pa r i t y  v io la t i on  was
pred rc ted .  t heo re t i - ca I l y  by  C .N .  Yanqr  and  T .D .  Lee  and
ve r i f l ec i  expe r j -men ta l l y  i n  1957  by  M.  Wu.  Madan  Wu found
tha t  rad loac t , i ve  coba l t  nuc le i  e lec t  be ta  pa r t J . c les
(e l ec t rons )  p re fe ren t i a l l y  w l t h  l e f t - handed  sp in .
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Par i t y  v io la t i on  has  been  obse rved  i n  o the r  p rocesses
lnvo l v ing  the  weak  i n te rac t l on .  Neu t r i nos ,  f o r  examp l€ ,
a lways  sp in  l e f t ,  and  an t i -neu t r l nos  a lways  sp ln  r i gh t .  The
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K part lc le preferent ia] ly decays
(the negatJ.ve pion) rather than

to posltron and pi ninus
to electron and p1 plus.
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THE STRONG FORCE

As  i t s  name inp l i es ,  t he  s t rong  fo rce  i s  t he  s t ronges t
o f  t he  fou r  f o rces ,  bu t  i t s  g rasp  ex tends  on l y  abou t  10^ -13
c [ . ,  r ough ly  t i r e  d lamete r  o f  a  p ro ton .  wh l re  the  weak  fo rce
a f fec ts  bo th  l ep tons  and  qua rks ,  t he  s t rong  fo rce  a f fec ts
on ly  qua rks  and  had rons ,  t hose  pa r t i c l es  conposed  o f  qua rks .
The st ronq force hords quarks ins ide hadrons and mesons,  and.
i . t  b inds  the  had rons  1n  a tom lc  nuc le i .  wh i l e  t he  weak  fo rce
changes  fe rm ion  " f l avo r ,  "  t he  s t rong  fo rce  changes  qua rk
' l a a ) n r  r l

9 V ! V ! .

Quarks  ca r ry  e lec t r r c  cha rqe ,  and  they  a l so  ca ry  co lo r
cha rge  red ,  b lue ,  o f ,  q reen .  An t l -qua rks  ca r ry  an t l - co lo rs

cyan ,  naqen ta ,  o r  ye I l ow .  The  te rms  " red ,  "  "g t reen ,  "  and
"b1ue , "  o f  cou rse ,  a re  wh : ,ms ica l  I f  we  cou ld  see  qua rks
under  a  n l c roscope  (we  can ' t  t hey  a re  fa r  t oo  su ra l l )  we
wou ldn ' t  see  b r rq rh t l y  co lo red  l i t t r e  spheres .  co lo rs  p rov ide
handy  l abe ls  Ec  desc r ibe  the  o the rw lse  abs t rac t  behav io r  o f
the  s t rong  fo rce :  i nd i v idua l  qua rks  behave  as  i f  t hey  ca r ry
one  o f  ch ree  s t rong  cha rges .  The  th ree  co ro rs  l abe l  t hose
cha rqes ,  f o r  easy  re fe rence .

I n  f ac t ,  t he  t e rms  "pos l t i ve , '  and  , , nega t i ve , , '  used  t o
desc r ibe  e lec t r i c  cha rge ,  a re  a rb i t ra ry ,  t oo  chosen
h is to r i ca l l y  t o  desc r ibe  i n te rac t i ons  be tween  e lec t rons  and
pro tons .  E lec t r : . c  cha rges  m igh t  j us t  as  we l l  have  been
des igna ted  " choco la te "  and  " van i l 1a ,  "  so  l ong  as  t he
sc len t i f i c  commun i t y  ag reed  choco la te  a lways  repe ls
choco la te ,  and  choco la te  a t i r ac ts  van i l I a .  $ rha t  1s  cha rge ,
real ly? l . re  don ' t  know

Quantun chromodynanlcs (eCD),  the theory of  quark
ln te rac t i on  d i scove red  i n  the  1960 ' s  by  Mur ray  Ge l l -Mann ,
Yuva l  Ne 'eman ,  George  Zwe lg ,  and  o the rs ,  l nd l ca t ,es  qua rks
in te rac t  acco rd ing  to  two  bas l c  ru les :  1 )  t he  ne t  e lec t r i c
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charge ln  a  hadron nus t  be  an  ln teger  (e .g .  -L ,  0 ,  o r  + t ) ,
and 2l  the net color charge of  a hadron nust be nwhlte ' r ,  1.€.
of the three quarks conflned in a proton or neutron, one nust
be red, one green, and one blue. Inslde a neson, one quark
must carry the ant i -color of  the other.

re"t qf luarK

bloe- otown t*atK

Jus t  as  e lec t r i ca l l y  cha rged  pa r t l c l es  i n te rac t  v la
photon exchange,  guarks exchange bosons ca l led ' tg f luons,"  and
i t 's  the qr luons that  b lnd quarks 1n hadrons.  Unl lke the
photon,  whlch is  uncharged,  q luons themselves carry  co lor
cha rge :  1n  fac t ,  each  g luon  ca r r i es  

' a  
co lo r  and  an  an t l -

co lor .  Gluon exchange between two quarks in terchanges the
co lo rs  o f  t he  qua rks .

3' 1*arK yea\ oto-n guavK

Horc. gluon cx)rra5e

0*d1J 5lr^on 
qx<hA\ ge-

@
-P@

3rflo^lr-red gluorl

eer^ q?

@
@

ft$t"r Slreora. exchar^ge-

Color  charge " leaks out t t  o f  ind iv idual  hadrons and b inds
quarks in  other ,  nearby neutrons and protons.  In  fact  the
nucleus behaves l ike an amalgun of  quarks l inked by g luon
exchange:  There 1s ev ldence the quarks are organlzed ln to
d i f f e ren t  ene rgy  l eve l s ,  l i ke  the  e lec t rons  su r round ing  the
nuc leus .

ftet='"



The color nleakage" whlch blnds protons and neutrons ln
a nucleus nanl fests 1tse1f ln the fora of  p ions, a k lnd of
"second level"  carr ier  of  the strong force. Plons behave
l ike dol lops of  g lue (gluons acconpany tbe pioars quark and
ant l -quark) which st ick nucleons together.

f,o
(?otr"n

N*aclear b,rnotit3 r^T e.liqlec,\ by <xchange o+ f\ o

we can  desc r lbe  the  q ross  fea tu res  o f  nuc lea r  b lnd lng
w j - t h  a  sem i - c i ass l ca l  equa t r  ^ -  '  ' gL \  

r - ^o t  
+- 5+;a-E;;+;li'":' u, = ( ,, , -

w.e re  q  i s  t he  va } -ue  o f  t he  co lo r  cha rge ,  r  i s  t he  d i s tance
se -oa ra t i ng r  nuc leons ,  and  n6 i s  the  mass  o f  a  p ion .  No te  tha t
the  fo rce  1n  th l s  desc r ip t i on  dec reases  exponen t ia l l y  w i th
d i s tance .

??- ( %

As long as the d laneter  o f  the nucleus is  less than the
reach of  the s t rong force,  the nucleus holds together .  I f
the per lmeter  outd ls tances the g luon l inks.  e lect romagnet lc
repu ls ion  ove rcomes  the  co lo r  cha rge ,  and  the  nuc leus  e jec ts
pa r t  o f  i t s  mass  (and  cha rge ) .

) .  
n l rr^

r

t f-.-.. Deraln W, v. *
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4 parlicle. (t+.Ii.- ,..^"1"*s)
B

Alp\",. ote<ay rS t,.r3"

The i .n terp lay between the e lect romagnet lc  force and the
s t rong  fo rce  exp la ins  nuc lea r  f l ss ion  ( see  Ch .2 ) ,  and  we  can
understand the ener ! ry  re leased by f  lss ion 1n s in i - Iar  terms.  '
Th ink of  the nucleus as a compressed spr ing:  the s t rong
force b lnds l ike charges in  a conf ined space l ike two hands
compress ing a co i l  spr inqf .  There is  energy s tored in  the
elect r ic  f ie ld  wi th in  the nucleus just  as there is  energfy
stored in  a spr inqr ,  and we can th ink of  th is  energy as the
o r ig ln  o f  t he  ex t ra  i nass  pe r  nuc leon  assoc ia ted  w i th  l a rge
nuc le r .

La rge  nuc le i  a re  neve r  a t  res t .  They  osc i l l a te  l i ke
wa te r  d rop le t s /  somet imes  spher j - ca l .  somet lmes  ob lo id .  f f  a
nucleus becomes so d is tor ted - -  because of  randon
oscl l la t ions or  gyrat rng f rom col l is ion wi th  an incoming
neutron i ts  d iameter  nay exceed the reach of  the s t rong
fo rce ,  and  the  co i l ed  ene rgy  o f  t he  e lec t romagne t l c  " sp r inq r "
b l as t s  t he  nuc leus  apa r t .

os,r-llla}':g nT <.)ev15
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RAI{GE

we can explolt quantum fleld, theory to understand the
re lat ive ranges and st rengths of  the four  forces.  Boson nass
deternlnes the range of a force, and the lnterplay of vlrtual
ferrnlons and vj.rtual bosons wlth real part lcles determlnes
force s t rength

For  qrrav l ta t lon,  e lect romaqnet isrn,  and the wealc  force,
the range of  the force 1s inversely  propor t lonal  to  the nass
of  the boson that  mediates i t .  E lect romagmet ism and grav i , ty ,
mediated by the massless photon and the grav i ton,
respec t l ve l y ,  have  an  i n f l n i t e  range .  The  weak  fo rce ,
mediated by the vector  bosons wl th  masses on the order  a
thousand t imes greater  than the proton,  is  fe l t  on ly  over  a
range  o f  abou t  10^ -15  cn .

we  can  unders tand  the  re la t i on  o f  boson  mass  to  range  i n
te rms  o f  t he  unce r ta i n t y  p r l nc i p l e ,4  E4E  1=  [  ( see  Ch .5 ) .
Mass l ve  v i r t ua l  bosons  (1a rge  nass  =  l a rgeAE)  mus t  i n t e rac t
i n  a  sho r t  t i ne  i n te rva l ,  t he re fo re  w i th ln  a  sho r t  d i s tance .
V i r tua l  pa r t : . c l es  o f  ze ro  res t  mass ,  such  as  the  pho ton ,  have
an  i n f i n i t e  4 t ,  hence  an  i n f i n l t e  r ange .

..--. Vg) -^^^^> gholon , btco.r,.*- i+ tv6 o re,s*
wrq.5:,, \as na$'ni)<- ra\r^qe

t - \ ,

J)w- W bosc,ng , whi<.\ hqve. lc'ge- rnaes)

5Lov| |i*re- (a.'t o(lsto..e.) ar
qunihi lql<-t\e2, -,ril\

The  s t ronq  fo rce  apparen t l y  v io la tes  th l s  re la t l on  o f
mass  to  range .  G luons ,  t heo re t i ca l l y ,  a re  mass less ,  bu t  t he
s t rong  fo rce  ob ta ins  on l y  ove r  a  range  o f  abou t  10^ -13  cm.
As  we  w i - I I  d i scuss  be low ,  the  range  o f  t he  s t rong  fo rce  i s
l im i ted  because  g luons  themse lves  ca r ry  co lo r .

SHIELDING

Vir tua l  par t lc les,  profoundly  af fect  the forces between
ferur lons,  especia l ly  in  the e lect romagmet ic  and st rong
ln te rac t j -ons .  The  space  a round  an  e lec t ron ,  f o t  l ns tance ,
see thes  wr th  v i r t ua l  pos i t rons  and  e lec t rons ,  and  these

+
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vir tual  part lcres ef fect ively nask the erectron,s nbare'
negat ive charge: v i r tual  posl t rons are at t racted to the
"reaI"  e lectron, and vir tual  e lectrons are repel led.  The
distr lbut lon of  v l r tual  part lc les creates a dlelectr ic
(electr ical  lnsulator)  that  screens the bare charge of  the
electron: f rom a distance, the neasured charge 1;  less than
the  bare  charge.
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The color  f ie ld  surrounding quarks ls  more compl lcated, ,
because gr luons thenselves carry  co lor .  v i r tua l  quaiks
surround a conf ined quark,  just  as v i , r tua l  e lect rons and
pos r . i r ons  su r round  an  e lec t ron .  Bu t  v i r t ua l  g luons  accompany
the  v r r tua l  qua rks ,  and  v i r t ua l  g luons  e f fec t i ve l y  i nc rease
the  co lo r  f o r ce  a t  i nc reas ing  d i s t ance .

^F
v@*

>@
a,tlrt^.)el,

(q*

vivtr"o.\ 5lraens
(bo.t over l€tlt- i'rc\i<tlzs

oi+i-ot\orr, ?.g, B = qn .\-bt*e)

Quark B is  a t t racted by two th l rds of  the v i r tua l  g luons
surrounding quark A and repel led by onry 1/3 of  then.  r f
guark B approaches A c losely ,  i t  fee ls  on ly  the co lor  force
conta lned wl th in  the smal l  vo lume lnnediate ly  surrounding A,
wh i l e  a t  i nc reas lng  d i . s tance ,  1 t  f ee l s  A ' s  co lo r  f o rce
auqmented by a l l  the g luons ins ide the larger  vo lume.

'1ile. 6 fryiblc- 5lu,ans ) ano\

relcllc"t ry lAe. ta"r- she.rrcA. f.ao'ns
(z . *  c  )
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We can nod,e1 thls rranti-sh1eldlng" wlth an analogry:
fmaglne dri l l ing a hole to the center of the Earth and
reel lng a test  nass down the hole,  weighlng the nass at
d l f ferent  d ls tances f rom the center .  At  the Ear th 's  sur face,
the nass fee ls  the fu l l  ' rpu l l r t  o f  tbe Ear th 's  grav l ta t lonal
f1e1d .  A t  t he  Ear th ' s  cen te r ,  t he  nass  l s  "we lgh t l ess : "  t he
Earth pul ls  on 1t  egual ly  in  a l l  d i rect lons.  In  between,  the
test  mass fee ls  a grav l ta t lonal  force propor t lonal  to  the
mass of  the Ear th ins lde that  rad ius.

q 
Fot<- orn {.s} Faa'e5, t\ )

i: ptofovlio.n"r\ +b th<.

v\^rs "+ ille- rcc*, (*g-i

insicle- rocti'e,s f

Because  o f  an t l - sh le ld ing ,  gua rks  behave  as  l f  t hey  a re
he ld  toge the r  by  rubber  bands :  c lose  to  each  o the r ,  qua rks
move  a round  f ree l y  (a  cond i t i on  ca l l ed  "asympto t i c  f reedon" ) ,
but  the far ther  they move apar t ,  the more the bands rest ra in
them (  " con f i nemen t "  )  .  The  bands  p rov lded  by  the  co lo r  f o rce
canno t  b reak ,  excep t  a t  exceed lnq l y  h iqh  ene rgy  - -  ene rgy
enough to create new quarks that  rep lace the sundered
par tne rs .  I { r  such  cond i t i ons ,  f ree  qua rks  canno t  ex i s t .

Eazvgy reqrairecL lo
Sopatqfu itT rs 2,.avL
$-.^ i Fi ?qrl>ter s

UNIFYTNG THE FORCES

Par t i c l e  phys i c l s t s
w i th  such  sma l l  masses  as
i s  neg l i g ib le . .

Wo,^14 7a'lwca- 
r4eh/

lvavY5

genera l ly  lgnore grav i ty :  deal ing
the  pa r t i c l es ,  t he  fo rce  o f  g rav i t y
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on the other hand, 1f partlcles approach each other very
c lose ly  (w i tb ln  about  10^-33  cD) ,  t t re  g rav l ta t iona l
lnteract lon becoures s igni f lcant.  (By F = GMn/R'2,  the
gravi tat ional  force lncreases exponent iar ly as R dlnlnlshes. )

Here's a cur lous rub: when part lc les are pushed close
together,  ds they are ln part lc le accelerators,  aI I  four
forces approxlnate each other 1n strength. The
electromagnet lc force percelved by a charged part lc le,  for
instance, tncreases as i t  penetrates the cLoud of  v i r tual
part lcres surroundlng t t re bare charge of  an electron. The
force  o f  g rav i ty  lnc reases  (by  L /R^21 as  par t l c les  approach,
and the strong force weakens, s ince color bonds loosen when
quarks are near each other.

Fot".

5S'19+\

- 3 3

To  d r i ve  pa r t i c l es  c lose  toge the r  (  as  1n  acce re ra to rs  )
requ i res  l a rge  k lne t i c  ene rg ies ,  so  the  d i f f e rence  i n
s t renq r th  va r les  rnve rse l y  as  the  k ine t l c  ene rg ies  o f  t he
in te rac t i ng  pa r t i c l es :  a t  h igh  i n te rac t i on  ene rg les ,  t he
forces approx lmate each other  j .n  s t rength,  d t  low in teract lon
energ ies  the  s t reng ths  d i ve rge .

Th is  re la t l onsh ip  be tween  the  s t reng t f r s  o f  t he  fo rces
p rov ides  ano the r  h in t  o f  under l y ing ,un l t y  1n  phys l cs ,  wh ich
we  sha l1  exp lo re  i n  more  de ta i l  i n  t he  nex t  chap te r .

SUMMARY

There are four  known forces t t r rough which par t ic les
ln te rac t :  e lec t romagne t l sm,  g rav l t a t j . on ,  t he  s t rong  fo rce ,
and the weak force.  we urodeL grav l ty  and e lect romagmet lsur
as  macroscop ic  f i e lds ,  bu t  a t  t he  sca le  o f  pa r t l c l es . ,
i n te rac t i ons  nus t  be  desc r ibed  1n  te rms  o f  f l e l d  quan ta .

}-
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fnteractlons lnclud,e exchanges of energy or nonentun
between part lc les,  changes in part lc le tdent l ty,  and the
decay  o f  i so la ted  par t tc les .

The weak force changes part lc le nf lavor, '  as ln
convertlng a down quark to an up guark ln neutron decay.
Weakly lnteracting particles may also scatter ln neutral
current lnteractlons. The weak force 1s carrled by vector
bosons the W-, W* ,  ar td Z.

Gluons carry the strong force (color force).  The strong
force binds quarks lnside hadrons, and i t  "spi l ls  out"  of
lndiv idual  hadrons to hold groups of  them 1n atonlc nuclei .

Vir tual  boson product ion,  by the uncertalnty nechanlsm,
helps explain the range of  the dl f ferent,  forces.  "Shieldlng"
and "an t i -sh le ld ing"  a f fec t  the  re la t l ve  s t rengths  o f  the
forces .  We f ind  tha t  a t  h igher  energ ies  (  shor te r  ln te rac t lon
distances) the forces approach each other 1n strength.
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DEMONSTRA'T IONII
CHAPTEIi 7

1.  E leet rq;Lar t tea=

l lxpr : r i rnent ,  vr i l ;h  wo' : r l  t 'e11. ,  : ; i  lk ,  a .  graphi te  rod,  a  €f  lass
rod ,  an r l  s i Lve red  s t y ro f r ; am spheres  fo  ana lyae  t ] ne  e rec t r i c
force.  t r 'or  example,  kranp{  the s ; i lvered spher :es f rorn f  ine
threatl antl  l ,r lrrr. :h Lhem wiLh a gLas;s rr:d thaL has i:een rubberl
v i61or- t rus;1y wi t ,kr  l .he wcro l  1 'e i t , .  [ lc l ld  the r t :d  c lose Lcr  the
spLreres; .  T i ren pr- r l ]  i ;he rod away and br ing bhe fe l t  near  Lhe
^. ;phe:res.  [ ] r )mpare the et 'J 'ec- l ; : ;  rs f  t ;he other  nrat ,er ia ls .

l ' r o m  y ( - r t r  o b s e r v a t  i c r n s ,  h o w  m a n - y  k i n d s  o f  e l e c t - r i c
r:harge are 1;here? What can you say about the rzrn€{e of t }re
e L t : c f , r : i c  f  e s r c e ?  C a n  y o u  o u t l  i n e  t h e  e l e c L r i r :  f  i e l d ?  I s
i ; l - re r :e  an  e . l .e r : t r j c  f  ie lc i  p resent  j r r  the  absence a f  e lec t r i c
r:Ytart4e'?

2 .  M a g n t . ; L i c :  f i e l c l :

F '1ar :e  a  r . rc t t ,ebr . r r :k  s t?Je  p ie r ;e  o f '  papnr  over  a  bar  n ragnet
o n  a  f l a t  s l r l r f a c r : .  l i p r . i n k L e  i r o n  f i l i n g s  o v e r  t h e  p a p e r .
(  y 'cru L:an co] l  ect j  ron f  i  l  i r rg: ;  yours;el f  L:y st , i  r r  j  ng through
: ;and w i th  a  magfneL.  , l



l l r - i  r rg  a  r jec ( )nc i  rnagr re t  r :1ose
r r o r t h  p o L e  r r n r l e r n e a f h  L h e  p a p e r .
s;  [ , r"r . rr . : l , ,urr ;  of  l ; i ie, :  magnet j  r :  f  i  e ic l ' /
n r : rLh  po le .  What  t rappens l : t t  bhe

to ' t ,krr :  f  i rst ,  nort ; l ' r  po- le tc-r
What;  happen:;  f .o t- ;he
Apprr: ;x imate : ;out.h pole to

s t ruc l - r r re  o f  the  f  ie ld  n r :v r?

.) Transf errtng r-larocntru[r yi a -f_ ie l-d.s:

f iang  a  har  magne l ,  h : ,2  a  f ine  th read,  ba lanced a t :  i t s
cer l t  el '  o. l '  r ras: i .  I l r i r rg a s;er:oncl  rnagrlet ,  c: lose to the han€irrEl
rna* r te l . ,  n r : r ' th  po le  bo  nor th  po le  (o r  s . ;ou th  to  s r :uLLr ) .  WLra t : ,
i rappens to  t .he  har rg ing  magneNY

i f  l ,he  magnets  a re  s l - ro r r f ,  e r loug 'h ,  the  r ;uLs ide  ma.gnet
aJ '1ec t ;s  the  mot io r r  o f  t ;he  hang ing  ma$r re t ,  w i t .hout  phys  jca l l y

tour :h i r rg .  How i : - ;  the  momenLum of  Lhe or r ts ; ide  magne l ,
t , rarrsfr :r ' rer: l  t ,o t ;he frnnging magrret, ' i

Imag lne  Lhat  Lhe maEinets  a re  separa t -ed  by  a  cons iderab le
d is - t ;anr :e ,  : ;Ay  c :ne  mi r r t r fe  o t '  l i gh t * t rave l  t  i rne ,  and t ;ha t  they
vrere sl-rr :ng enough Lo af f  eci  ,  eacbt r :LLrer not i r :ealrJ;r  r ;ver Lhal- ,
d i s ; f  a n c r : .  l f  y o u  a c c e l e r a t ; e d  t f r e  r : u t s i d e  m a € { n e t  b r i e f  l y ,
wirab vrr-rulr f  ) / {Ju exper-:L to trappen tr :  thre hanging magnet?
I ' i l f ra t ' s  go ing  c :n  dur ing  t ;he  in l ;e rva l  tha t  yc ru  acce le ra te  the
ouf,sir ie magnet- and t-he l , i rne wLren Lire hangLng rna.grret-  respr:nds?

4. l',tret-ee1q-t: -brre ef-fec! as arr ,exanpl-e e.f i?esan:f-e.-r:Iqien
i n f e r a c t i r : n :

1 n  C L r . 5  w e  d i s c u s s e d  t L r e  p h o t ; o e l e c t ; r i c :  e f f e c t  a s  a n
e x a r n p l e  r s f  L h e  q u a n t r : m  n a t u r e  o f  e n e r € i y .  I b  a l s r :  i l l u s t r a t e s
i , f re  i  n1 :erar : t , i r : r r  o f  bosor rs  and f  e r rn ions .  Yor r  w i  11  need a
p L r o t o e l e r : ' L r i  e :  d e r n o n r ; L r a t i r : n  a p p a r a t u s .

Wi t .h  a  s imr le  appara tus ,  ' i . :u rn ing{  o l r  a  nearby  1 ig l t t ;
causres  e le t : f , rons  "b r : i I "  o f f  a  r :aLh,or le ,  and a  cur ren t  rne ter
r f leas i r r r r ' i [ i  the  ar r i va I  o f  e ]e r : t , rc rns ;  a t  the  c le tec t r : r .



l n  1 ; ;e rmr ;  o f l  parb i  r :1e  in te rac t ions ,  wh ich  bosons  are
i r rLerarc l ; i r rg  w i tL r  fhe  e lec t rons  (  f  e rmi  ons  )  ?  What - .  i  s  t t re
r : r ig i r r  o f  lh r :s ;e  b r - rs ;ons? Can you measr l re  the  fo rce  be i -ng
exr: l ' l ,er- l  bry bhre Lrosonr;  on Ltrr :  eler: t rr : rrs '?

5. An an-al-o_glr f_qr lLre balane e ,between fq_r-r=-e,: tn a nUcl_e-U-E-

Cor rpress  two r f r  t ,h r r :e  e las1 ; ic  ba l1s  (s r . rcLr  as  tenr r i s
l . ra l l r ;  o r  r -a r ;ke t  ba l l s ; i  w i th  a  , . ; tou t  r r . rbber  banr l ,  oL-  b ind  them
w i 1 , h  s f  r i n g .

Wl ra l ,  happens f t ;  t l re  ha l l s  when you cu t  the  conf j .n ing
band? l j s ; in€  1-Lr  j -s  sys tem as  a  mr :de l  f  o r  the  inLerp l  ay  be t  ween
the  e lec t , r r r rnagf r re f  i c  fo rce  : rnc l  the  s t ro r rg f  nur : lear -  fo rce  in  an
aLorn i r - :  nuc leus ,  what  par i .  o f  the  mode l  mimics  i ;he
e lec- ' t romagnet ic  fo rce  and v rha t  par t  m imics  the  : ; t rong fo rce?
i , l h a L  f o r c e  a c t u a l  l y  r : a u s e s ;  t e r r n i s  b a l  l s  t a  r e s i s t  c o m p r e s s i o r r
anc i  rub l ;e r  bar rds  t ;o  res is ; t  d is -bens ion?

Ftea |  rubbr : r  bands ;  p r - r l l  back  w i th  more  1 l r : r : r :e  as  they  are
s t . re ; t ; c ;hed t rn t - i1  th r :y  a re  s ;o  i l i s tended t l ra t  t ,L re  in te r -
rno l r . : cu la r  bonds  in  the  rub l :e r  beg in  to  wea.ken,  the  rubber
L:arrd re:; i : ;1. ." ;  furt ; l rc;r :  d i : ; fension with -1 gS-":  f  orce, and i t
everi  l :ual  J r  snaps .  Cr:>mpar:e th i  s behavi r : r  vr i  fkr  Lhe i :ehavir :r  r : f
t . l i e  : . ; l . r r :nS f 'o r r , - r :  i " r r  ln rger  and la rge . : r '  nuc le i .



6. -Suirber ban.d a,!a_leg-y sf asy1npLpL.tp f,teedam;-

Lc,op a s 'Lr;ut ;  rubber banrl  over yortr  t l rumbs. What f  orce
r lr , l  ; r ' r . rrr  feel  i f  yor l  appr:oximat,e you.r thr-rmbs? Whaf happens tr>
' t .hr- :  nraSrr i tude rsl{ ,  LLte fort :e as y(,u try to sepzrrate yout:  thumbs
t-rs greal,e r 11 i::Lant:tz'? Cr:mpare 1-h i s mode I tr: asymptot i- c
trer:dorr t ;J '  quar-ks anrl  qtrark conf inement.

'/ . ij_prrng sro_gie-1 pf aFyr.r_rptat_ic fr:e_e_dprn*

$ p r e a d  s p r i n g s  ( ) r  r u b b e r  b a n d s  r a d i a l l y  a r o u n d  a  c r o c h e t .
l r , ' ;p  r ) I :  o tL rer  la rg r :  r i rn ,  a r rd  h r : r rk  l - ,hern  in  th re  r :en ter  to  a
f  i r tger  r ing  r : r  t raLry 's  t -ee l -h ing  r inC{ .  ' l ' h r :  e l  e rs t i  r :  bands
- - h o u l r l  h e  r e l a t - i v r = 1 ; '  r e l a x e d  w h e n  f , h e  c e n 1 , r : a \  r i - n g  i s  i n  i t s
e q u  i  1 i  b r i L l m  p o s i t  j  r - l r r .

WhaL happerrs to the force on tLre cen'Lral  r ing as you t ,ry
1 - o  d i s p l a c e  i t  f  r r : r n  i l - s  e q u i  ]  i b r i u m  p o s i t i o n ?  C o m p a r e  t h i s
model to quark c,-onf ine;ment- and asympfot; ic f reedorn j -n an
al-omir:  nucler-r : ; .

B. An _analogy ef -t-be ciepenqiepce af fsrqe _range an bclsa.n
m ? i ; t i :

l iuppclse yr;u vr€?re t , ry in€ t  ct  exerL a f  r : rce on a charging,
, l  iorr  t , r t  s 'Lr. :p i t ,s;  at , .1,aek. l i r ; r :  r lefens;e yr lu have a l :qw anr)



ar r ( )v , '  (  s ;ma l  l  rnas ;s ;  ) ,  a  spear  (  mec i i t rm maE;s  ) ,  and a  bor . r lder
(  la rg 'e  mass  )  .  ( i ver  what  range can you exer t  a  f  a rce  on  the
I io r r  w i t ;h  each o f  t l re  a l :ove? Compare  tL r is  ana logy  v / i t ;h  the
dependenr 'e  t : t f  fo rae  rang i  e  o r r  boson mas js .

9. f i -h ie-Ldirrg a rrragae!- ts f  re ld;

Plat:e a s; l , rong i :ar magnr:t ,  r ln a f  laL s;urface, and probe
i t . r ;  r n a g n e t i c  f " i e l d  w i t h  a  s m a l 1  c - o m p a s s  c r  w i t h  i r o n  f  i l i n € s ;
(  as; in dernr:ns;1,;r i l  1- ion 2 ai :r- . rve) .

Nr:xt .  ,  c l  i  s t . r i  bute srna I  I  er bar nraSne'bs arotrrrcl  the l  arger
r : r re  w i  i ;h  LLre  po les  a l  igned nor th  L -c - r les  t r t  : ;o r r t t r  p r_ : l r :  as
i  I l ,us l , ra tec l  t re l ,ow,  anc l  p robe t ,he  rnagr re t , i  e  f  ie l r l  o r r r :6?  aga in .

[ ' lha1; r :hanges do yorr l ] ind in i ,he s;1;rur:Lr-rre of t .he
mzr4net , i c  u r rder  bhese conr l i t  ions? What ,  change: ;  c lo  you r to t ;e  in
the  apparen l ,  r ; f . r r :ngLh o f  the  magnet ; i r - :  f  ie ld ' l

1O.  l , l  ec l ; rc . rn ra* r teL ic :  induc-b io r r :

F ' i n d  ( , : r  c o n s - ; t r u c t )  a  r : r : i l  o f  c o p p e r  w i r e  w i t h  a n
i r rLer io r : '  c i i z rmet ,e : r  1 .a rge  enough to  admi t  a  bar  magnet .  A t tach
Lhe ends  o f  the  w i re  l . rs  a  r :u r r r :n t  rne l -e r .



What happerrs t ,o the current r :eading when you pr.rsh LLre
rnagnef .  nor i ;h  po le  f  i r s t  in to  Lhe r :o i l?  i , iha t  happens when y r : r - r
t r - 'u : ; l r  t ;he  rnagnet ,  s t ;u1- ,h  poJe I ' i r s t ;  in to  t , i re  co i1?

NexL,  r :ons ; i . ruc t  an  e lec t  ronagr re t  by  wrapp ing  copper  w i re
arc rur r r i  a  na i l .  A t t ,acLr  the  ends  c f  t l re  w i re  to  a  smal l  (nc>
more  Lhan 3  arnp)  r :u r ren t  sour r le .  You shor - r ld  be  ab le  t ;o  p ick
up l igh t ;  me1;a l  ob jec t : ;  such  r t ' :  paper  c - ' l i J :s  w i t ;L r  your
e I  ec--t ; roma,gneL .

Un the  bas is  o f  fhes ;e  p ro . jec ts ,  what  can you say  about
L h e  r e l a L i o n  b e L w e e n  e 1 r : c t r i c i l - y  a n d  m a g i n e L i s m ?  I f  m a g n e l - i s m
re:;u l f  s f  rorn ci  rc:u l  at i  rrg el  ect,r i  t :  currents, what clo y611
suppose is  L rappen ing  a t ,  t - .L re  a tomic  sca le  in  a  bar  ma{neL t r :
p ror l t . t ce  1 , l re r  mzrgr re l i c . :  f i -e ld?

1 l  .  E a _ r t l y ,

i i t ,a r r r l  a  n r i r r r ) r  ( ) r )  a  f  la f  s ;u r fa r :e .  (The 1ar :ger  the
r n i r r , ; r  I  f r : o L  s q u a r e  o r  m o r e  t h e  b e t t e r .  )  R r - : 1 1  a  b a l l
f ron  l r : f t ,  t .o  r ig t rL  t ,oward  t ;he  mi r ro r .  What  c l i rec t ion  does
the  ba l I  appr ia . r  I ,o  be  r r : r l I ing  i r : : r -  $eer )  in  L l re  mi r ro r '?

Cr ; i  i  i r le  t ,wr l  Lnrmper  cars  in  f  ron t  o f  t , t re  mi r ro r .  Do you
r i r : ' l ; i ce  any  rJ i f fe rer rce  i r r  i - l ' re  r : r : - l .  l i s i r :n  a r ;  seen in  the  mi r r rs t?



N e x t ,  s p i n  a  p a t t ; e r n e d  b e a c h  b a ]  I  e l o c k w i s e  o n  i t s  a x i s
in f  rcrrrL r- : f  l ;he mirrcr.  t^ ihat dir :er:" t- , i  r :n dr:es 1;he bal l  appear
Lo k;e r , 'prrrn ing ar. ;  seen irr  t i re rnirrr : r?

12. Mqde.i  Ling f_sree$ aq be, lo-e exshapge;

S i1 ,  y r - ru rse l  f  a r rc l  a  f  r : i  end  on  ro l  l  i r r€  car ts  (  r : r
sk , ' r f  r - - l :oards ,  i  f  yDu can ba lanr :e  care tu l  l y )  .  T r :ss  a  med ic ine
ber I  I  or t rasketkra I  i  bac-.k and f  ort l r .  Wi:at happens, and why?
. h x p r e s ; s  y o u r  a n a l y s i s  i n  t e r r n s  o f  t h e  c o n s e r v a t j o n  l a w s .


