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Five Ages of the Universe

~ lePrimordialEra n<6
|« StelliferousEra  n =6 - 14
¢ DegenerateEra n =14 -40
+ Black Hole Era n=40-100
+ Dark Era n> 100




The Primordial Era

' Big Bang'Moment'
+ Inflation® |
+ Matter > Antlmatter B
¢ Quarks --- protons & neutron”s..».
» Dark matter abundances are frozen
* Nuclear synthesis of the light elements
» Cosmic Microwave Background
* Universe continues to expand




The Stelliferous Era

~+ Stars dominate energyproduction <
+ Lowest' mass starsineredsingly impor antw

. Blosphere ends in 3.5 Gyr |
* Earth.as.a planetends in 7 Gyr

+ Odds of Earth escape (capture) are about
one part in 10°5 (3x1076)

* Most liquid water found inside frozen planets

+ Star formation and stellar evolution end
near (by) cosmological decade n = 14







The Black Ho

K" holestarebrgntesSEstellarfonjects ‘
- " eration’ of energy Via'Hawking radiation

* Every galaw-ccantnu €S One supermassive
and about one million stellar black holes

+ Black hole lifetime is.mass dependent:

ty = M,

le Era

One solar mass: n=65
Million solar mass: n=83
Galactic mass: n=98
Horizon mass: n=131




'l' ' DAl
electrons p05|tr'o""’""""‘““ns neutrlnos &photons

« Positronium formation and d decay
+ Low level annihilation

+ Vacuum tunneling events?



Ashes to ashes,
Dust to dust,

Particles to particles,
Our ur iverse; will
evolve throu:




Lecture I Summary

~ + Our “current Undersandingrorthe (LM@ of
~ physics anc WJ\N@ allow Uus to:

construct a working' picture of the uture

+ Studying phy5|cal processes of the future

provides insight into current astrophysical
problems, e.g., the reason for red giants,
structure of dark matter halos, dynamical
scattering problems, defining the masses

of galaxies, etc.



Qutline for Lecture II

¢ Why starS'beCOmENEd giants

~+ How to define the'massiofia galaxy
+ The asymptotic form of galactic halos

» How common are stars in alternate

universes (other par

s of the multiverse)

* Time-varying constants of nature
+ Even longer term astrophysical processes

¢ Discussion issues



/YNy dO stars become

RED GIANTS ?
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Long term Evolution of Red Dwarfs
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Life Span of Red Dwarfs

Lifetime (Trillion yr)
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Hayashi Track

.
T, + 402 Gyr. \\
\ Radiative Core t=5742 Gyr
) He'=9.96%

......._ Lﬂm
. ZAMS.

Core Composition
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Late tlme Ilght curve for M|Iky Way

1012

T T — Y

i Only 0.1% of the
- Stellar Evolution that .
- will take place has already .

taken place (to date)

(Adams, Graves, & Laughlin 2004)

Log Time (}eors)




radial size vs time for varying masses
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radial size vs time for varying masses
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Pnotosphere evolution

— p plane
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Effects of the Jrum Ly \/\LJH
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Star-can either become:large or not.

If photosphere has an opacity. wall,
then the star cannot become: hot,

so it must become large =>



Opacity Analysis

, 4acT’ dT
3kp dr

Radiation equation L=-4xr

: — ar 1 uGM,
Hydrostatic equilibrium —-=-— R,

167 acG uM, T’

L,
3 R, 1+nkp

Kk=Cp°T”, pxR", & L_=4aR’oT"’

AT, o AL, AR, w + 1 AL

£

T w+l+4a L R _2(a)+1+4(x) L,

* *




What Is the total

mass of a galaxy?
Why do dark matter
halos have a nearly
universal form?




(M. Busha,

FE Adams,
etal. 2003,
2005, 2007,

Bt L

Island
Universe




Dark matter halos approach

a well-defined asymptotic form
with unambiguous total mass,

outer radius, & density profile

mass [101° Mg]

physical size [Mpc]
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ORBITS?

+ Most of the'masstistin dark mm‘@gar
+ Most dark matte esides [iﬁ] hese halos

+ Halos have the unlversal form found here
(nfw/hq) for most of their lives

+ Most orbital motion that will EVER occur
will be THIS orbital motion in DM halos

( factor of 1074)




Triaxial Forces

_ —2sgn(x) In 2G(a)\/f +2-a’A
. \/(aZ _ b2)(a2 _ 62) 2a°EG(a) + Aa® -2a"E’

_ —-2sgn(y) | : A =2b°E? gin”! 2T /b° - A -
y \/(az—bz)(bz—c ) \/AZ 4F§ \/A2—4§2F |

2G(c T + 2T - ¢2A

2¢°EG(c) + Ac® -2¢°E?

_ —2sgn(z)

G

G(u)=8&u" - Au*+T

(Adams, Bloch, Butler, E=x"+y"+2"
Druce, Ketchum 2007)  A=(b"+¢*)x* +(a +¢7)y° +(a° +0°)°

C=b’c’x*+a’c’y’ +a’b’z’



Orbit Gallery
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Orbit Gallery
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INSTABILITIES

Orbits in any of the principal
| planes are unstable to motion
perpendicular to the plane.

Unstable motion shows:
(1) exponential growth,
(2) quasi-periodicity,
(3) chaoftic variations,
(4) eventual saturation




Given the possible
- existence of multiple

universes, we face the
question: _
Do other universes,

+




Starsand St. o
Structure .

® . Adams (2008) JCAP, 08010 §



OVERVIEW
2 Bluile rooust, arelyde stk mods
W2 ellyitereie siloelsl of iiseirillenl) geretcs
N Only onentcieEaiznt [nng eG|eS e
+ Radiative energy transport.

+ Define solution space: 4 forces of nature
reduced to 3 parameters: | (G a. c)

Large fraction of this parameter space
allows for the existence of working stars




Stellar Structure Equations

oP GM oM
| — = (l’)p, —4JTI’p -

or r’ or

Z—f =4mr’(e-¢,),

Jor  3xpl
or 64 mr’>oT’

P(p,T, ) K(p,T, ) s(p,T, )







Radial Profiles: Mechanical Structure




Nuclear Reaction Rates

[ 1/2]
O(E) = S(If) exp —(E%) E. = (Jr o lez)z2ch2

£=Cp’©%exp[-30] ©=(E,/4kT)"

where C = SAE)E,)
V3 7w a mm, 2,2, m,C

(trierrerz | cligieiejuieiopn o) F ,) ALLIC)

-~ Coulyrly vzrrisr -r o|uk




Central Temperature

| Speczfy opacity . K = Ap T'"° (Kramer) |

— after some algebra:

O M(O)T; =

(47)° ac

3k .C

- :

bl

(n+ DR

gas |

E.
where 1(©.)= [ f*"&°©"exp[-30]dE




Stellar Structure Solutions




Hertzsprung-Russell Diagram




Luminosity-Mass Relationship
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Minimum & Maximum Masses

o — 3/2
characteristic hc = M,
. mass scale:




Combined Constraint

We have required central temperature as function
. of stellar mass, and the relation between minimum
_ stellar mass and given nuke-burning temperature e
Eombine to ehmlnate mass, get constraint:

PN EENTS

£ 1/3
1©.)= [ f7&°0% exp[-30]dE & ®=(E%kT)



ture Solution
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Allowed Region of Parameter Space

'/ < (stars exist)




CONCLUSION

Stars 1n other universes are
not as rare as sometimes claimeds

Substantial fraction of parameter
space allpws for the existence of
Wworkinggsiar




This result is only the first step:

* Hiabita bl EVESESHEYUIENTOIEICONSUI Nt
* Expand parametersspaceN(particleimasses)

+ Need the probablllty-of-reallzmg parameters

R 5

+ Considermore complicated stellarmodels

+ Some universes could have alternative stars,
including dark matter stars and black holes




Region of Parameter Space
where Black Holes act as Stars

10

-10

| Black hole has power of

and/or Earth’ s biosphere.

the Sun, low-mass star,

| 4
L., = Lmin(O)(%O)

10

M, = 10" g



Instead of having different values
— in other universes, the

__fundamental constants can have:

time-varying values within our.

v

-~ Own universe

— ———————




Fate of Degenerate Objects

NS Cooling Track WD Cooling Track
Solar Mass NS Solar Mass WD (Carbon Composition)

® @& — 0.253olar Mass WD (Helium Composition)
O Brown Dwarf Mass (Hydrogen Composition)

Jovian Mass (Degeneracy Lifted) —

N\

The Frozen Eath ——=2
a
o

Ve

Endpoint of Stellar Evolution
Mars Mass Black Hole

Earth Mass Black Hole

Temperature




White Dwarf Evolution with
Proton Decay and Time-varying G
[ * | G =G,(1+1/t)”

three regimes:. -

t >>T' (old track)

| . <<T' (horz track)

t =T (new track)

here: p =0, 0.25, 0.5

log L

Ketchum & Adams 2008



Uncertainties

~ ¢ As one journeys J@j per u\rw mzunr\, e time,
~ projections necessarily

uncertain (our basic timeli -e,stops-at

cosmological decade n = 100).

+ As we learn more about the fundamental
laws of physics, or if the laws change
with cosmological time, corrections (both
large and small) to this timeline must be
made.




Higher Order Proton Decay

X llilo aryon decayristSUppressedrat leading
~order, it can still’(sometimes) take place
at hlgher order: n=100-160
+ The vacuum state of the standard model
of particle physics allows tunneling
transitions — sphalerons — that have
timescale: n = 141 %




NOTE: Higher order proton

_ decay is hard to observe

» The unlverse"'contalns-only about

10778 protons in total. If the proton

C
t

ecay timescale is n'=100, e.g., then
ne probability that a single proton has

C

ecayed in the whole universe, thus far

in time, is only about 0.000000000001



Liquid Rocks

+ Since atoms withinfatlatticercan tunnel
Via quantimimeenanics; they can
change places; sotthat'any solid'is rec IIy
a liquid over the long term. Time
required for rock to be a liquid:




Infinite Monkey Theorem

-+ Given enough'time; a‘hypothetical
monkey typing at random would, as
part of his output, almost surely,
produce all of the plays of Shakespeare

-




The Iron Age

-+ Becauseironfnuclefnave
the highest binding
energy per particle, all"
nuclei will decay to iron if
you wait long enough:

f = 101500yr — 1 =1500



Tunneling to Black Holes

+ In the absenceroi¥protondecay, White

dwarfs would'live In‘the absence
of a lower energy. state, i.e., a black hole
state. But it takes a long time for a white
dwarf to tunnel into.a black hole:

t=10"" yr = n=10"



A Basic Lesson

+ The time scales of the \L&Ldmy@s |
processes are much longer thar e time
scales conS|dered-thus far.

+ None of the last three processes are
likely to happen — ever. Another process,
in this case proton decay, will occur first
(most likely) and thereby prevent them
from happening.




Vacuum Tunneling Time Scales

| P =Kexp[-S$,]
V(p)=2Ap* —ad’ +be” +cp+d
need S, =231 logl0 =532 (survival)
for A=0.1-1:

0.5 < S, < 30,000

¢ ~ 1012,800 yr

max

n=12,800

babtle nue lsation




Wrapping Up

~+ The future evolution'efithe universe'is

rich subject — many' many: topics'
+ Studies of the f future universe prowde US

with a deeper understanding of the
present-day universe

* As our theories get farther from the
experimental constraints: Be careful!




Discussion Question

-+ We have introducedithe concept of ¢
Copernican Time Principle: But: The
cosmos does indeed evolve with time,
so that life — as we know it — is certainly
more likely to arise in-a particular range
of epochs (maybe n = 6 — 30). To what
extent is such a principle valid or
useful?




Discussion Question

-+ What happenstorthisi(or JLHJ\/) .
projection of the future /of the
universe if the laws of phyS|cs are time
dependent?

* Experiments => we are good up to
cosmological decade n = 15 or so; but
there is a lot of real estate at later times




Discussion Question

+ Given the uncertaintiesiinherent in‘studying
the future universe, at what point does the
exercise stop belng science?

+ Similarly, as we go back in time toward the
moment of the Big Bang, at what point
does that exercise stop being science?

* (in both cases, one moves farther away
from experimental confirmation/refutation)




Discussion Question

~+ There is an dS)\ﬁﬂﬂJlﬂﬂBJ\/ D@M@am
past history and future history of e
universe. We can look for S|gnatures of
past events but not for future events.
To what extent does this asymmetry
affect the answers to the previous
questions?










