An Interview with Several Starsin the Milky Way

Lives of Stars

(5 Billionyearsin the Future)

Cast of Characters:

Pagebthephobn reporter for the Local Group Times.
Sol- our Sunin thedistant future asa white dwarf (Solwasonce a yellow star).

Apollo Ba very large, hot, bright, youngblue star.
Kronosba very small, cool, dim, old red dwarf star.
lanabaninterstellar cloudwhere stars are bomn.

Minerva Dared giant

1) Fill inthe blank spacesin thetable (either while you are reading or after you have finished):

Character | Color Masswhileon | Lifetime Luminogty while | Diameter while | Type of
whileon | main-sequence | on main- on main- on main- Star After
main- (in solar sequence sequence sequence Collapse
sequence | masses) (in years) (in solar (in solar units)

luminogty)
White
Kronos 0.16 0.15 Dwarf
Sol 1 10%° 1
Apollo Blue 7x10° 9
Prologue

PAGE: 1@n here with three stars from thelocal stellar neghbohood:Sol, Apollo, and Kronos
Sol isawhite dwarf, butfor mog of hislife he wasayellow star. He(@ famousfor beingthe star

tha was home to Earth and its humansabout5 billionyearsago. They used to call him the

sun® Welcome Sal.

SOL: Thanks Page, it® apleasure to be here.

PAGE: Next to Sol isApollo. Let metell you,Apolloisgigantic! Andextremely bright! | can
barely see anything else throughhis glare.

APOLLO: Hey, wha can | say? |@®n abluestar, that@ howwe roll.

PAGE: Andlast butnotleast, there@ Kronos | almogt didn®even notice you were here Kronos
You@e so small andjud barely glowing red.

KRONOS: Well, its notlike | haven®heard tha before. Thanksfor having me.
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PAGE: Okay guys |®n curiousaboutall three of your lives as stars. But Sol, since you®e
aready reached thelast stage of your life and are the mog experienced, | be directing mog of
the questionstowardsyou.

SOL: Soundsgoodto me.

PAGE: Alright, let@ get started. So, Sol, how old are you?

SOL: Many ages of those hotter, brighter starslike Apollo. | have orbited this gdaxy 45 times.
So, |0n 45 gdactic years old.

PAGE: Well, letG putthat in some perspective for our readers E- 45 times aroundthe galaxy?
For someonelivingthis far outin thegdactic subutbs tha@@ about10 billion years.

SOL: | prefer G50
APOLLO: WhoaSol, you@e old! Using your gdactic time-scale, I®n only like two weeks old!

KRONOS: Hey big guy, watch who you®e calling old. 1®n older than Sol. Infact I®n amog as
old astheentire universe, about80 gdactic years.

PAGE: Wow Kronos tha@ over 18 billionyears.

KRONOS: Let@jug say B0O

Act |: The Nebula
PAGE: So Sol, tell me aboutthe beginning.

SOL: In thebeginning?Oh, you mean my life and not the whole universe.

My memory is hazy for tha timein my life. Like dl stars, | wasbom in agiant gascloud.The
cloudwas avast cold clump of hydrogen, hdium, alittle lithium, and tiny bit of mog everything
else. A fragment of thecloudcollapsed into abdl. As| shrunk, | got hotter and hatter.

PAGE: Wha hgppened to tip off this collaps?

SOL: There was jug enoughmass for gravity to pull it togeher agang the outward push of
atoms bouneéng about Throughoutmy life, | have been at the mercy of this baance between
thermal pressure and weight Oh, | could go on and on aboutthis pressure |On unde.

PAGE: Hang on, let@ talk aboutthat baance.

SOL: Conservation of energyEt hekinetic and potential energies baance
2E,+E, =0

When | started to collapse, then thekingic energy of theatoms nolonge bdanced the potentia
energy of thegas.
2E, <E,
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PAGE: Butit'sall jug gas. It'snotaliquid or solid. How can gas collapse?

SOL: Gasis matter. Matter (and energy) tells space how to curve, and space tells matter howto
move A very intelligent human tha once lived on Earth said thisBhewas called "John
Whedler." Let meintroduce youto lana Shecan tell you how a hugevolume of gas canform a
Star.

IANA: Thanks Sol. Anyway, for a star to form, a hugemass of gas has to curve space enoughso
tha the gas would rather movetoward a central pointingead of boune@ aroundrandonly. And
by hugemass, | mean afew hunded times Sol's mass. Other interstellar gas cloudsare even
bigge'!

APOLLOQO: Liketheonetha | camefrom!

Act Il: Protostar
PAGE: (talkingto Sol again) So as your size shrunk, you got hotter?

SOL: Yes. A lot likewaking up, | suppo®. Asmy dengty inareased, my internd temperature
had to goup. | wastrading patential energy for kinetic energy.

IANA: To putit another way, the speed of theatoms zipping aroundincreased. But as adl thegas
moved toward the same central point, thevolume of thewhole clouddecreased. Y ou would think
tha as thetemperature of the gas inareased, the cloud would expand. But because there was so
much gas, and thevolume was contracting, the gravitationd force won.

SOL: Thanksfor the subtie foreshadowing there, lana
PAGE: So, howmuch time are we talking about?

IANA: Oh notvery longbamomentin astar'slife. 100000years, or less than hdf of agdactic
year.

PAGE: Okay Sol, you are getting smaller and hotter. When do you become a star?

SOL: I wasjug akid Bit happened so fast youknow. But| was getting hotter and hotter as|
kept shrinking. It didn® seem like it was dowingdown. | felt caughtand unable to determine
my own destiny, or even dengty.

PAGE: Wha aboutyourluminosty Btheenergy you were releasing per second? Were you
shining enoughto benoticed?

SOL: Ohyes, | was youngand brightfor atime. My luminosty was hugebthousndsof times
more than when | became a star. | was also very big and felt bloaed.

PAGE: With al these changes going onin your youth Btheshrinking and the heating - did you
feel stable at all?
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SOL: All stars enjoy ther youth, butit was so turbulent. Sometimes, | wondeed if | would ever
reach hydrodatic equilibrium.

PAGE: "Hydro"- wha?

SOL: Hydrogatic equilibrium: | stopped shrinking when the gas and radiation pressure baanced
my weight throughoutmy interior.

PAGE: So tha'stheend of your protogar youth?

SOL: Not quite.

Act lll: Life on the Main Sequence

PAGE: Sol, I'm gtarting to undestand wha alife you'vehad, and it has only begun! So far, you
have aged only 13 millionyears, jug about1/20 of agadactic year. Youwereready to become a
Star.

SOL: Tha was aday to remember. My core temperature had risen to 10’ Kelvin. Andthen it
hapopened. Quietly, it jug happened.

PAGE: Wha? Wha happened?

SOL: Fuson. Hydrogen fuson. Thetemperature and pressure in my core rose so high that when
two hydrogen atoms collided, anew atom formed - deuterium. The deuteriumthen interacts
with more hydrogen atoms in a series of reactionscalled the (proton-proton chanO In theend,
four hydrogen nude (protong become onehdiumnudeus 2 postrons and 2 neutrinos
PAGE: Wait, those two postronsdid notlast longin a corefull of protonsand electrons

KRONOS: You're right The postronsquickly found electronsinddethe dense core. The
postron and electron completely annihilated each other in agammar-ray phoonflash. Andthe
two neutrinosjud flew away.

PAGE: Oh, so tha's where the energy comes from. Wha youl®e basically sayingistha deep
ingdeof you, gravity caused your temperature and pressure to be so hightha it triggered a
nudear reaction?

KRONOS: Exactly. Thereaction convets hydrogen into hdium and also releases energy tha
heats up al the surroundng gas.

APOLLO: Eventudly, theenergy makesit to our photogphaes where it escapes as lightinto
interstellar space.

PAGE: Wait, so this has hgppened to al three of you?
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SOL: Yep, every stars beginsitslife in the same manne more or less. Andaslongasastar is
fusng hydrogen into helium, it is consdered to bea ®nain sequenceCstar. Thoe are thegood
daysof astar@life. 10n past tha stage nowadays, but Apollo and Kronosare still there.
APOLLO: Right, and some stars got here more quickly and shinemore brightly too, like me!
KRONOS: Y eah, yeshEke ep bragging. 1®n not impressed.

APOLLO: Whatever old man, you®@e jug jealousbecause you®e so small and dim.

KRONOS: (to Pege) In my longlife, | e seen thousandsof stars like Apollo. Trust me, he
won®be aroundfor very longEhi s kind never are.

PAGE: | don©®get it. If Apollo and Kronosare both main sequence stars, then how come they
are so different?

SOL: Mass. Mass basically decides everything for a star, fromhow brightit is, to howlongit
will live, and even how it will enditslife.

PAGE: Why isthat?

SOL: When astar has more mass it will have a stronge gravitationd field, especialy in its core.
More gravity meanshighe temperatures and pressure, and tha affects the speed and type of
nudear reactionsthat can occur. More mass means more nudear reactionsand more energy.

PAGE: Okay, then how much do you weigh Sol?

SOL: Well, IQelog some weightrecently, but when | was a main sequence star | weighed
exactly one Onesolar mass.

PAGE: And Kronos what aboutyou?

KRONOS: | weigh onetenth of a solar mass, so0 0.1
PAGE: Apollo?

APOLLO: Twenty-five solar masses! Booyah.

PAGE: Wow. Obvioudy we can®jusgt putyou guys on ascale to find outhow massive you are,
How might a distant observer figure out your mass?

SOL: There are several methods, some more complicated than others. But thereisonevery easy
way to get agenera idea of a main-sequence star@ mass: Color.

KRONOS: Small red stars like me are usudly thelight weights.

SOL: Yellow starslike | used to beare themiddle weights.
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APOLLO: Andbluestars, such as myself, are theheaviest. Wede the brightest tooE |n
30,000times brighter than Sol was when hewas a main-sequence star.

PAGE: Goodto know. Well | think weQre covered how stars grow up to get to themain
sequenceEl et@tak aboutwha hgppensafter that.

SOL: Tha@ where each star® evolution really starts to become different, again depending on
our mass.

PAGE: Then let@jus focuson youfor awhile Sol. | beieve we left off where you were
consuming enomousamounts of hydrogen during fusonk

SOL: Ah, alas. My hydrogen massin the core sowly decreased until there wasn®enoughgoing
into fuson. Thos phobnscarried the energy to my outer layers, excited thegas, and hdd up
my weight They kept me in hydrodatic equilibrium, youknow: theoutward push of gas
pressure and radiation pressure (1@n really hof) badances theinward pull of gravity.

PAGE: Uh oh. Gravity didn®let go, huh?

SOL: No, itdid nat. It controls my fate. I'm trapped. So as my hydrogen mass fell, and my core
temperature fell, | felt gravity@ grip once more. | began to collapse agan.

PAGE: Hangon; 1@l get theKleenexE | didn®think that findly fulfilling yourlife's ambition
and reaching star-status would be so up<=tting...

Act IV: Sol’s Post Main-Sequence Life

PAGE: Did you notice anything as the hydrogen in your core got used up?Did you fed empty
and unfulfilled? Wha hgppened next?

SOL: Remember, the hydrogen fuson process results in hdium. So after 40 gdactic years of
fugon,alot of hdiumremained. By tha time, my core had mogly become hdium, with only a
shdl of hydrogen still fusng.

PAGE: So, at that time, your core wasn®hot enough,nor dense enough,to begin fusng hdium?
SOL: Notyet. Asthehdium core collapsed, its temperature and dendty increased to the point
where thekinetic energy of hdium nudei collisonsovercame electromagneic repulsion. For
thehhdium to stick and fuse, the core had to reach 10° Kelvin, ten times hotter than before.

PAGE: So, your core was getting hotter and hotter. What aboutthe hydrogen fuson shdl?

SOL: Oh, tha jug gothatter! Thefudonrate went up, and my outer envdopeof gas expanded.
My outside layers were puffing up and my ingde was collapang at the same time!

PAGE: How awful and uncomfortable! How longdid thislast?
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SOL: Abouthdf agdactic year; tha's10° yearsin nunmbers. | just gotbigge and bigge. At
theend, | was back to my old protogar size and luminosty, but my interior was congderably
different. My core kept shrinking, with its dengty and temperature increasing while the outer
gas envdopejug seemed to bdloonaway. | thought tha | was jug goingto evaporate into
gpace! | thinkit istimeto meet another neighborwhoisabit older than | was at tha time in my
life. Shehasaready expeienced thistrandormation. Meet Minerva, ared giant.

MINERVA: Goodto see ya upclose Sol. 1n fedling queasy these days. | remember tha stage
at the beginning of my red giant phase when my outer layers were beginning to expand and my
core was collapsng. Oh, | felt awful. Still do.

PAGE: So, at the peak of your expansgon, what finally hgppened to your core?

SOL: Ohthedramacontinued. Findly, thecore temperature reached 10% Kelvin and its densty
gotupto 10° kg/m®. Suddenly, the hdium fused to ignite a Qriple-alphaprocessO

Two hdiumnudei collide and fuse to make beryllium and release energy:

He+ He! (yieldg Be+ enegy

Then, jug before the beryllium breaks down, another hdium collides and fuses with it to make
carbonand release energy:

He+Be! (yieldg C + enegy

MINERVA: Tha ignition, or hdiumflash, released more energy than | had radiated over 30,000
years asamain sequence star. Y ou mightthink that this ignition would of blown me apart. | jus
bumped. The core was so compacted tha mog of tha hdium flash energy jug kicked the motor
on.

PAGE: Kicked wha on?

MINERVA: Oh, | meant started up thehdiumfuson.

SOL: Youpant quite a picture, Mineva

Over the next moment, about10° years, the core settled into stable hdium fuson surroundel by
ashdl of hydrogen fuson.

PAGE: Did you lose any significant mass during this violent and brief time in your life?

SOL.: Yes, these explosve core changes producd strong convection currentsin my outer
envdopetha blew about20to 30 percent of it outinto space. So, my outer envdopeof gas got
hotter.

MINERVA: Yep, | remember feeling like | was gonnahur tha whole time.

PAGE: The hdium core consumed hdium rapidly, because of the hightemperature. Plus you
didn®start off with alot of hdium.

SOL: Only about24%of my initial mass before this stagewas hdium. Asared giant, mog of it
was inddean Earth-size core. Thistriple-alphafusion lasted only afew millionyears. But| had
aburst or two |eft.
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PAGE: Y et anothe? When does it end?

SOL: | was out of hdiuminthecore. My core was mogly carbon, surroundel by a shdl of
fusgng hdium, and an outer shdl of fusng hydrogen. My inddewas like an onion with lots of
layers! The core collapsed further, with little to suppott it agang itsweight Since it was so
small and massive, the gravitationd force was incredibly strong.

PAGE: So, thecore and shdls mug have been even hotter this time?

SOL: Yes, it® amazing how the core changes in such short time. But its fuson days were
limited. Thehydrogen shdl dumped hdium ash onto thehdiumfuson shdl. Then thehdium
shdl dumped its carbonash into the carboncore. This core continued to contract, which shrank
theouter shdls. Andtha jug drovethetemperatures up in thewhole core. Asaresult, | bloaed
up agan, buteven bigge, into ared supagiant. | was huge my outer aamogphae amos
encompassed Earth@ orbit.

MINERVA: | may look big and bright but there@ not much of me to go around. Look at me, |
look big, but1Qre only gotabout0.8 solar masses of gasin there.

PAGE: Wdll, findly al theavailable gravitationd potential energy was spent. Thefuson stops
leaving the carbon core. Wha hgppensnext?

SOL: Jug before the core went out, the outer envdopetrangormed into a beautiful sight A
series of hdium fuson flashes destabilized the gas, and caused pulsations Thegasrose and fell
afew times untl findly, it rose fast enoughand escaped. Thegas shdl rushed away fromthe
core with adazzling display of color Ba plangary nebula

PAGE: Andthe core stayed there, jud to sit and cool?

SOL: Tha@it. Andnow, | have entered my secondlife. | annolonge astar, because |®n not
shining by fuson. But at least I®n back in equilibrium.

MINERVA: Now you can retire and write abook. Bye y@ll, 1®n headinCback to the home star
cluger, hudand, and kids | adopted a protogar. Tha boyis nearly as bigasme! Hopédully, he
will shrink down to star size and shine on his own before long.

Act V: Apollo and Kronos Post Main-Sequence

PAGE: So Apollo, we haven®heard fromyouin awhile. Wha@in store for your future?

APOLLO: Me, |Qre gotbig plansof course. Jug like Sol, 1®n planning on fusng more than just
hydrogenEa lot more. Because |@e got so much mass and gravity, my core will be able to keep
creating elements as the pressure and temperature go highe and highe. We®e talking at least
3-billionKelvin (3 x 10° K). Also like Sol, my size, color, and brighness will fluctuae as |
quickly evolve past the main-sequence.
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PAGE: Wha elements will you becreating?

APOLLO: Helium, then Carbon,Neon, Oxygen, Silicon,and Iron. At my pesk, @ becreating
all of these at once; each onein adifferent shdl. My interior will look like layers of an onion.

PAGE: Then wha?

APOLLO: Then 1@l explodein the biggest, brightest, most awesomest explosonin the universe:
aSupenovd Forabrief time I outshinetheentire gdaxy!

PAGE: Wow! After that |@ assume there would be nothing left of you.

APOLLO: Actudly, |Qe got so much mass that there will still bealot of me left over. And
withoutthe outward pressure from nudear fuson, | will nolonge beable to maintain
hydrogatic equilibrium. Gravity will cause me to collapse into an infinitely small and dense
point.

PAGE: Really? What will youbethen?

APOLLO: Only oneof themod exotic and overpowering objects in theuniverse Ba Black Hole.
Pretty impressive right?

KRONOS: Thankfully, oneof thekey characteristics of black holesis tha no information what-
so-ever can leave them, induding bragging. It won@bevery longuntil we don®hear from
Apollo anymore.

APOLLO: 1t@ sad buttrue 1@l beablack holein less than amillion years.

PAGE: Tha® ablink of an eye in astronorrical time scales.

APOLLO: Thebluestar motto: QLive fast and die youngO

PAGE: So Kronos wha are your future plans?

KRONOS: WEell, nat very much for along,longtime. |® befusng hydrogen for at least
arpther sx trillion years. 1Qe gotalonglife on the main-sequence ahead of me. Even though
|On theoldest onehere, 10N really jug getting started.

PAGE: Six trillionyears!? Tha@ asix with twelve zeroes after it!

KRONOS: Yes, it amos seems like infinity, butthere will bean end. Eventudly | will fuse all
my hydrogen into heium. And since I0n not massive enoughto fuse hdium, | won®have much
of apog main-sequence lifeEl Al simply quietly collapse to become a white dwarf, kind of like

Sol.

PAGE: What doyou mean Dkind of &
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KRONOS: Well, | won®be going throughany of the @iantOphases, andin theend I only be
made of hdium.

SOL: Andremember, I&n all carbonnow. But wedl till both becalled white dwarfs.

Act VI: Settling Down
PAGE: Do you like the name Qvhite dwarf?0

SOL: | think tha thename ismiseading. Not all of usare white. Tha color ony dependson
our su[face temperature. At this pointin my life, modly wha | dois cool down and radiate light
And d continueto cool down untl | eventudly turn cold and dark, billionsand billionsof years
from now.

KRONOS: When we get to tha point, | guess you could call us (lack dwarfsQ thoughno such
thing exists yet because the universe hasn@®been aroundlong enoughfor something like that to
form.

PAGE: Red dwarfs and white dwarfs such as yourselves are the two most common types of stars
in space right now, so 10n surewedl beseeing alot of black dwarfsin thefar off future.

APOLLO: Thee@goingto bealot of black hdes aroundtoo, thoughl wouldn®say youd be
QeeingOalot of us

PAGE: Well guys that condudes ourinterview. Thank you very much and goodluck with the
rest of your stellar lives.

SOL, APOLLO, and KRONOS: Thank you!

Evaluation:

2) Wha term in astronony describes the bdance between theforce of gag/radiation pressure and
theforce of gravity?

3) Describethe process of hydrogen fuson tha hgppensin the cores of stars.

4) We met two different red starsin the play: Kronosand Minerva. Wha are three major
differences between these two?
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5) Below is a Hertzsprung-Russell diagram which plots a star® color(temperature) vs. its

luminosty(brightness). Each dat onthediagram represents an individud star. Main-sequence

starsfall onthelinetha runsfromthetop-left to the botom-right of the diagram:

Temperature (K) cooler—>

25,000 10,000 6,000 3,000
- I | I I
’,-‘.
b 5' 104
L
20
t_—": O_ ..... 102
1) it
=
L) - Main Sequence - L
-
2
§ +10 11072
=
+15 ] ] | 10'4-
Blue White Yellow Orange Red
Color

Luminosity —

On thediagram, write in theletter of each star in the part of the diagram where you think it
bdongs

A) Minevathe solar-mass star tha is nowfusnghdiumin her core
B) Sol at theend of hislife, after he collapsed

C) Kronosthesmall old star

D) Apollo themassive youngstar

E) Sol while hewas fusng hydrogen in his core
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6) If youlook at a distant gdaxy and notice tha it containsalot of brightblue starsin its spiral
arms and dim red stars in between the arms, where would you say tha the mog star formationis
happening? Why?

7) If youlook at a distant gadaxy and notice tha it containsmany dim red stars but almos no
blue stars, would you assume tha this gdaxy has alot of extragas, or very little extra gas?
Why?

8) Scientists are very interested in finding planes aroundstars that may be able to suppot
intelligent life. Should they belooking aroundhigh-mass stars or low-mass stars? Why? (hint:
mog scientists bdieve tha it takes billionsof years for intelligent life to evolve.)
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