
Program 8  8/ 25/ 05 47 

Cosmology: A Cosm ic Perspect ive     
 
 

Ch apt er 8 :  Th e Fact s of  Li gh t  
 
Newt on's per formance was a tough act  to follow.   As t hou gh  the laws of m ot ion and gravity, h is 
cont r ibu t ions t o cosmology, and decades of Biblical scholarsh ip weren't  enough, he also opened 
the door t o the stu dy of l ight .  Ju st  as the Principia, h is Treatise of the Reflections, Refractions, 
Inflections and Colours of Light (shor t  t it le, Optiks) is st i ll  found on  the shelves in physics librar ies 
over  t he count ry Ð not  ju st  in  h istor ical col lect ions or  rare book rooms.  Again  he had ant icipated 
the needs and interests of a com ing era.  Light  is of pr imary im portance in  st udying the content s 
of the un iverse Ð it  is t he on ly source of informat ion abou t  the natu re of remote objects.  For  th is 
reason it  is im perat ive to understand t he propert ies of l ight  as fu l ly as possible in order  to ext ract  
every possible clu e.   
 
On th is accou nt , ou r  resourcefu lness has su rpassed in it ial  expectat ions.  A noted ph ilosopher of 
the ear ly 19th centu ry stated that  one fact  wh ich we wi ll  never  be able to determ ine is the 
chemical com posit ion of the stars.  By 1865, at  least  two dozed elem ents had been  ident ified in 
the br ighter  stars.  To appreciate t h is and fu r ther  developments in 20th centu ry cosm ology, it  wil l 
be necessary to break  ou r  cosmological discussion br iefly to review som e fact s of l ight .  It  is, of 
cou rse, easier  to explain t he phenomenological propert ies of light  t han  to define l ight  it self.  
Un for tu nately there is t im e and space only to give som e "ideas" abou t  light .  Hopefu l ly some wil l 
feel su fficient ly dissat isfied wi t h th is discu ssion to do a lit t le reading on t he ou t side.  There are a 
num ber of good fi rst -year  col lege physics t ext s that  star t  at  the beginning and bu ild u pward.   
 
For  ou r  pu rposes l ight  can  be considered as a wave phenomenon and, like water  waves spreading 
ou tward from a distu rbance on t he su r face of a pond, can be character ized by a propagat ion 
speed, a wavelength , and a frequ ency.  The wave propagat ion  speed is ju st  the speed of the 
moving wave crest .  The wavelength  is the distance between crest s, and t he frequ ency is the rate 
of ar r ival of wave crests at  an  observer 's posit ion.  Otherwise water  waves have no relat ion to light  
waves.  Light  is an  elect romagnet ic wave distu rbance, wh ich propagates not  on a su r face, bu t  
throu gh  space, even in a vacuum .  The wavelength, ! , the frequ ency, f, and the propagat ion speed, 
c, and related sim ply as: 

c f= ! "  , 

as for  water  waves.  However  there is a fundam ental, and rather  remarkable, fact  abou t  light  
propagat ion  that  has been ver ified by many exper iments and thus is basic to any su ccessfu l 
theory:  light  t ravels at  the sam e speed for  any observer , regardless of h is or  her  state of mot ion .  
Intu it ively, th is is hardly obviou s.  Even so, the frequ ency and wavelength do depend on  the state 
of mot ion, as is discu ssed later .  For  now we note only that  the constancy of t he speed of light , c = 
300,000 km/ second, m eans t hat  f and !  are reciprocally related. 
 
Another  basic fact  is that  "light " is ju st  a name we give to elect romagnet ic waves in a par t icu lar  
range of wavelengths, t hat  range t o which our  eyes are sensit ive.  The fu ll spect rum of 
elect romagnet ic radiat ion  is shown in t he following figu re that  inclu des light  as only a nar row 
segm ent .  The on ly physical dist inct ion between propagat ing radio waves, l ight  waves, and gamma 
rays is one of wavelength.  Wavelengths in the visible range are m easu red in  nanom eters (10-9 

meter , abbreviated nm) rather  than cent im eters.  100 nm  corresponds to 10 mill ionths of a 
cent im eter , and t he visible range extends from abou t  400 nm  (violet ) t o 750 nm  (red).  The ear l ier  
statem ent  abou t  ÒlightÓ being t he on ly means of learning abou t  the heavens is, of cou rse, to be 
interpreted in  the broad sense to inclu de all elect romagnet ic radiat ion.   
 
Present  technology al lows us to view the sky over  the ent ire elect romagnet ic spect rum, bu t  only i f 
we observe from above t he atmosphere of t he ear th becau se it  is opaqu e in some wavelength 
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ranges.  As ast ronom ical observat ions from space plat form s advance, new phenomena are being 
discovered alm ost  on  a weekly basis, especial ly in  the u lt raviolet , X-ray and gamma-ray 
wavelength  ranges where atmospher ic opacit y is most  problemat ic. 
 

 
Fig. 8a. 
 
In ast rophysical system s, visible light  comes pr im ar ily from  incandescent  bodies.  The manner in 
wh ich sou rce propert ies are im pr inted on  the emit ted radiat ion is specified in a general way by the 
fol lowing t hree em pir ical laws du e t o J .W. Draper and pu bl ished by Gu stav Kirchhoff (in abou t  
1860): 

 
 

Law 1:  A hot , opaque, incandescent  body or  thermal radiator  emit s radiat ion  over  a 
cont inuou s range of wavelengths (A).  The famil iar  rainbow display of colors obtained by 
passing the light  of the sun  or  an  elect r ic bu lb through a pr ism is what  we call  a 
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"cont inu ou s spect ru m".  There is a broad range of wavelengths over  wh ich the source of 
br ightness var ies rather  smoothly. 
 
Law 2:  If a thermal radiator  is viewed th rou gh  an  almost  t ransparent  clou d of cool gas, t he 
cont inuou s spect rum wi ll be m odified by t he presence of narrow,  dark lines.  That  is, t he 
gas absorbs radiat ion bu t  on ly at  a nu mber  of discrete wavelengths (C).   
 
Law 3:  If a hot , alm ost  t ransparent , cloud of gas is viewed direct ly, a spect ru m consist ing 
only of narrow br ight  lines will  be produ ced (a discrete rather  than cont inuou s spect rum).  
The gas emit s radiat ion  on ly at  a nu mber  of discrete wavelengths.  If t he chemical 
com posit ion of the gas is at  the sam e as that  discussed in  law #2, the br ight  l ines wi l l occu r  
at  exact ly t he same locat ions as the dark absorpt ion lines produ ced by the cool gas (B).   

 
Kirchhof's fir st  law is m ore interest ing i f we ideal ize the natu re of t he thermal radiator .  An  ideal 
radiator  is also a per fect  absorber ; that  is, it  neither  reflect s nor  t ransm its incident  radiat ion.  
Un der th is condit ion t he radiat ion spect rum  (t he manner  in which the br ightness var ies with 
wavelengths) can  be defined precisely by a relat ively simple mathem at ical  expression and can  be 
character ized by a few sim ple ru les:  

 
Fig. 8c. 

 
1. The t em peratu re of t he radiator , as shown  in the graph  above, u niquely specifies the shape 

of the spect rum.  Fu r thermore, a body does not  have to be incandescent  to give off 
elect romagnet ic radiat ion , only to radiate visible light .  An ice cu be radiates in  the infrared 
par t  of t he spect rum .  Liqu id heliu m (abou t  4 degrees above absolu te zero) radiates with  a 
spect rum  whose peak  st raddles microwave and far  infrared radiat ion, a peak  wavelength  
abou t  7x105 nm  (rou gh ly 1 mm ).  Al l bodies wi t h t em peratu re greater  than absolu te zero   
(-273 C) are thermal radiators, so the absolu te (Kelvin) tem peratu re scale is t he natu ral  
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way t o specify t he character ist ic of ideal t hermal radiat ion.  Absolu te zero is 0.0 K and ice 
melt s at  273 K, water  boi ls at  373 K etc.  Not  only does th is temperatu re u niqu ely specify 
the radiat ion  spect rum , bu t  also t he spect rum cu rves corresponding to different  
temperatu res do not  int ersect  (a m easu rem ent  of br ightness at  one wavelength determines 
the ent ire cu rve, or  equ ivalent ly the t em peratu re of the radiat ing body). 

 
2. Even t hou gh a hot ter  body is br ighter  at  every wavelength than a cooler  one, note also 

from these cu rves that  t he relat ive amou nt  of radiat ion  at  longer wavelengths is larger  for  
cooler  bodies.  Thus the l ight  from cooler  bodies is redder, and conversely, t hat  from hot t er  
bodies is blu er  (convent ional ly, the opposite end of the spect rum  from red is cal led "blu e" 
rather  than "violet "). 

 
3. A version  of the previous ru le may be stated m ore precisely:  The wavelength  that  

cor responds t o the peak br ightness of t he spect ru m is inversely proport ional t o the 
temperatu re of the radiat ion body.  The spect rum of the su n's l ight  peaks at  abou t  550 nm  
(yel low-green), which cor responds rou gh ly to a 5000 K radiat ion  spect rum .  However, your  
hand, at  a t em peratu re of abou t  300 K, is radiat ing most  st rongly at  an infrared 
wavelength  almost  17 t im es longer (becau se it  is near ly 17 t im es cooler). 

 
4. Final ly the total br ightness of an ideal radiator  (t hat  is, the radiat ion emit t ed at  all 

wavelengths taken  together ) var ies as the fou r t h power of the t em peratu re.  Summ ing the 
br ightness over  al l wavelengths is equ ivalent  t o calcu lat ing the area u nder  the radiat ion  
spect rum  curve for  a par t icu lar  tem peratu re.  From the cu rves shown it  is clear  that  the 
area under  the cu rve (t otal br ightness) depends very st rongly on t he tem peratu re.  For  
exam ple, dou bling the temperatu re wou ld increase the total br ightness by a factor  of 16. 

 
Most  stars are rather  good approximat ions to ideal radiators, and al l these considerat ions listed 
above are im portant  to ext ract ing a maxim um am ount  of in form at ion from  their  l ight .  For  
instance, the amou nt  of light  em it ted by a star  depends both  on  it s t em peratu re to the fou r t h 
power, and its su r face area.  Thu s i f we know the distance to a star  from parallax m easurem ents, 
after  measur ing it s apparent  br ightness with  a t elescope, we can  u se the inverse squ are law to 
determ ine its t ru e (int r insic) br ightness.  By look ing at  the spect rum  we cou ld determine it s 
temperatu re (by finding wh ere t he spect rum peaks).  Then, since the known temperatu re and 
unknown  radiu s can  be related to t he known  int r insic br ightness, we cou ld solve for  t he radius of 
the star .  This is one way in wh ich the sizes of stars are determ ined, and m ay seem more 
impressive aft er  real izing that  no star  other  than t he su n is close enough to al low direct  imaging of 
its size.  All  other  stars are ju st  points of l ight  even in the largest  ground-based t elescopes wh ose 
stellar  images are enlarged many t im es by atm ospher ic effects.  Bu t  in  addit ion t o helping to 
understand stars, t hese character ist ics of ideal t hermal radiat ion  are cru cial  in ou r  later  
cosmological discussion  of the Big Bang t heory and its im pl icat ions. 
 
The on ly reason t hat  m ost  stars are not  excellent  approxim at ions to ideal t hermal radiators is that  
the t h in, semit ransparent , ou ter  regions of stars are a l it t le cooler  than t he u nder lying thermal ly 
radiat ing gas.  For  th is reason, stars const itu t e a radiat ing system that  is descr ibed by Kir chhof's 
law #2.  This cooler  envelope of gas is composed of atom s, most ly hydrogen and helium.  The 
quantum principle manifests itself on t he atom ic scale by allowi ng only specific rear rangements of 
the int ernal st ructu re of the atom as it  in teract s wi th  l ight  or  throu gh coll isions with other  atom s.  
In other  words, t h is pr inciple requ ires that  light  be emit t ed or  absorbed by individual atoms on ly 
at  specific wavelengths that  are u niqu ely determ ined by the int ernal st ructu re of a par t icu lar  
atomic species.  Hydrogen atom s are character ized by absorpt ion lines at  one set  of discrete 
wavelengths, hel ium  atom s by another , carbon st i ll another , etc.  Thu s in stars, each type of atom 
in t he cooler  envelope leaves it s signatu re as a set  of discrete absorpt ion lines on  the therm al 
radiat ion passing through.  Because of t h is atom ic phenom enon, it  is possible to determine 
(through a rather  com plicated set  of calcu lat ions and m easurem ents) t he chemical com posit ion  of 
a distant  star  on  the far  side of ou r  galaxy. 
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The exist ence of narrow spect ral  featu res has another  benefit ;  it  al lows star light  to car ry 
informat ion  abou t  the mot ion of the star .  Even t hough the speed of light  is the sam e for  al l 
observers, the m easured wave frequ ency depends on the relat ive m ot ion of sou rce and observer .  
If moving toward each other , more wave crest s are met  per  second (h igher frequ ency, therefore 
shorter  wavelength , !  = c/ f); and fewer  per  second, im plying a longer  wavelength, when m oving 
apart .  This is an  analog to the famil iar  acou st ic Doppler  effect  that  alt ers the pitch of a moving 
t rain  whist le depending on its direct ion of m ot ion and speed relat ive t o the observer .  
 

 

Fig. 8d. 
 
The opt ical Doppler  effect  may be quant ified in  the fol lowing simple manner .  I f at  rest , a spect ral 
absorpt ion  (or  emission ) l ine is m easured at  wavelength !  " , bu t  wh en  moving it  is found to be 
sh ifted to a longer  length , ! Õ.  In th is case, t he relat ive recession speed, v, is related to the 
wavelength  by t he expression 
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That  is, t he fractional change in wavelength is equ al to t he fraction of l ight  speed descr ibing the 
recession m ot ion.  Since the shift  is to longer  wavelengths, z is posit ive and is cal led a redshift .  In  
later  discussions we wil l use the sym bol "z" to qu ant ify th is sh ift .  If source and observer  are 
moving together , z is negat ive because t he shift  is to a shorter  wavelength  and the resu lt  is a 
bluesh ift  
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wh ere v is now the speed of approach.  As an example, consider  a m easured redsh ift  of +0.1 nm in  
the wavelength of a l ine that  is observed in a stat ic situat ion to lie at  500 nm .  Then 
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Because c = 300 000, km/ sec, the speed in  th is case mu st  be v = c/ 5000 = 60 km/ sec.  That  is, a 
recession speed of almost  40 m iles per  second is impl ied.   
 
Stel lar  spect roscopy revolu t ion ized the stu dy of ast ronom y in  the 19th centu ry.  Wil liam  Wollaston  
observed dark  l ines in t he solar  spect rum  in 1802.  Joseph Fraunhofer  lat er  catalogu ed 324 of 
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those lines and in  1823 began to com pare t he solar  spect rum  with som e stel lar  spect ra and noted 
sim ilar it ies.  Bu t  it  was Sir  Wil liam  Hu ggins wh o made the key connect ion  between  these stellar  
spect ral l ines and the lines observed in laboratory spect ra of terrest r ial elem ents.  Dur ing t he 
1860's he avidly pu rsu ed the development  of th is new observing t echn iqu e t hat  opened totally 
new channels of in format ion car r ied by star l ight .   
 
It  was also Huggins who pu rsued the suggest ion  of Chr ist ian Doppler  (made in 1842) t hat  the 
observed small  shi fts in  the wavelengths of spect ra lines (relat ive to wavelengths observed in 
terrest r ial laborator ies) shou ld be interpreted as resu lt ing from relat ive mot ion. Huggins 
su bsequent ly made radial velocit y (mot ion along the line-of-sight ) measu rements of Sir ius and 
found that  it  was moving away from  ou r sun .  Bu t  the cosm ological im pl icat ions of spect roscopy 
cam e in t he next  centu ry, beginn ing wi th  Slipher 's spect roscopic stu dy of the "nebu lae", and 
cu lminat ing in  Hu bble's h istor ic discovery that  the Universe su rpr isingly was not stat ic . 


