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Abstract: The origin of the chemica elements that make up our world is one of the oldest most fundamental scientific questions. The universe after
the Big Bang consisted only of hydrogen and helium with traces of lithium. All the other elements, including the carbon in our bodies, the iron,
silicon, and oxygen that makes up most of our earth, have been created later by nuclear reactions in stars. However, the origin of many elements
beyond iron, including gold and uranium, is still a mystery. These elements are attributed to a process called the r-process (rapid neutron capture
process) which is of fundamental importance in explaining the origin of stable nuclel and isotopes beyond the iron group (A>90-100). The site of the
I process is not known but supernova explosions and/or colliding neutron stars are prime suspects. The problem is that none of the models (related to
these sites) can produce r-process elements in the correct proportions as we find them, for example, in the solar system or in certain very old stars. |
will discuss an exciting alternative related to quark stars, a new class of compact stars that contain matter at the highest densities. Proposed
observational features of quark stars, the probability of their detection, as well as some interesting connections to r-process nucleosynthesis will be
presented. | will focus on an alternative based on a dynamical picture of decompressing neutron matter from the surface of quark stars in the
scenario termed the Quark-Nova, which is particularly effective for producing the r-process pattern of heavy elements.
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Nucleosynthesis
occurs outside
of the big bang
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“It is the stars, The stars above

us, govern our conditions”
(King Lear,Act IV, Scene 3)
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Ultra-metal-poor stars serve a critical role for understanding the initial epoch
of our galaxy.

The observed abundances in these very old stars provide clues to
nucleosynthesis processes in the earliest Galactic stellar generations.
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Other r-element rich halo stars show heavy element
abundance pattern similar to CS 22892-052




Here, first
elements get
ejected

Shells of debris — consisting of a zoo of atomic nuclei — are ejected into the interstellar medium. Over
millions of years this material cools to mildly radioactive clinker. The star dust is collected by gravity where
paricipates in next generation of star formation.




*) Recently, element abundances in gas inside high-redshift galaxies has
been probed through the absorption lines imprinted on the spectra of

background quasars.
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*) Over 25 elements in a galaxy at red-shift z = 2.626 were reported (Prochaska et al.
2003). With these data, one can examine nucleosynthetic processes independent of
the uncertainty arising from depletion.

*) These studies show that these very old galaxies was enriched mainly by massive
stars (M > 15 solar masses).
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Atomic number

The r-process is robust and has operated unchanged

since the first generation of stars
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(r)-apid neutron capture (s)-low neutron capture
Th << 73 Ta ~> -~ T8

™= ~ 0.01 0.1 sec Tn ~ 100 — 1000 yrs
astrophysical site unknown AGB stars

® The s-process cannot produce actinides. which
definitely are present in significant abundance in
the Solar System.

¢ The most abundant isotope of osmium is *20s,
which cannot be synthesized in abundance by the
s-process, because '"'Os 15 beta-unstable with a
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Nucleosynthesis in the r-process
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“If you want lots of
neutrons,go where you know
there are lots of neutrons”

Alistair G.W. Cameron
(1925-2005)







Outer crust




mergers provide large neutron-to-seed density
less frequent than type || SNe but eject more mass

..cannot explain scatter plot for metal-poor stars

mergers are infrequent; cannot explain early
r-enrichment of halo stars.

lead to large scatter (more chemical inhomog.) at late
times; not consistent with observed scatter at
Ea/Hl> 1



Cowan

FURCHTUMARDN ARUNDANCE

The halo star HD 122563 is almost
as Fe-poor (old) as CS 22892-052,
but it has much less Eu



Other issues with mergers

.‘ ' ‘s i I:I-:
’ . i ﬂ ' h S
T R 1 1
i |‘ﬂw ‘4“.‘_! ' 'p' |'
i |'4: o 1# % N A

100 125 150 175 2
Mass Number !

The mass region below A=125 becomes empty
(Freiburghaus et al. 1999; Panov et al. 2005)!

not produced!
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Stars

p + e -——>n + neutrino

ENCLOSED MASS (M




Birth of a Newtron Star and Sapernova Remnant

| ‘

v | Empheacn — Sagwrmesa '-|'-i\-l"ll-1l —— ‘upwrorevs Bomsmam

Page 187/237

Burrows, Haves, and Fryxell, 1995




Page 188/237

Burrows, Haves, and Fryxell, 1995




Birth of a Newrron Star and Supermova Remnant

Tif iscC)
. raa

Page 189/237

Burrows, Hayes, and Fryxell, 1995
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Birth of a Ncutron Star and Supermova Rempant
T i Iisxc)
o. rar

Page 190/237

Burrows, Haves, and Fryxell, 1995




Birth of a Ncutron Star and Supermova Remnpant

Page 191/237

Burrows, Haves, and Fryxell, 1995




Birth of a Neutron

Star and Supe

weva Remnant

AL S e

Burrows, Hayes,

Page 192/237

and Fryxell, 1995




Birth of a Ncumron

Star and Superms

v Remmant

RALELUS (kem)

Burrows, Hayes,
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Page 193/237

and Fryxell, 1995
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1
Birth of a2 MNeuwmron Star and Supernova Remnant

Page 194/237

Burrows, Haves, and Fryxell, 1995
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Birth of a Newtron Star and Supernova Remnant

’ - e i
P T AL

Burrows, Haves, and Fryxe
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Birth of a Ncutron Star and Supernova Remnant

Page 196/237

Burrows, Haves, and Fryxell, 1995




Barth of 2 Newtron Star and Supernova Remnant
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Page 197/237

Burrows, Haves, and Fryxell, 1995




Stars

p + e -—>n + neutrino

RADIUS (km)

ENCLOSETY MASS (1

Burrows, Hayes, and Fryxell, 1995




WOOSLEY ET AL.
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Woosley/Wilson model never reproduced, even by same
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2. Prompt explosions require high-density core and
assume fallback to avoid overproducing » — nuclei.

......................

Need
Important
Fall-back

Rates ...

log, [aM,, (M,)]

In further detailed work Thompson et al. 2001, Wanajo et
al. 2001 found that the neutrino-driven wind can only
P osemroduce heavy r-process nuclei for massive neutron starg =



1. Neutrino-driven wind mechanism has not realized
quantitative agreement (SNe fail to explode)

...one size does not fit all ...

] 55 70

-z 20 =1 =5 = & a
Atomic Number Atomuc Mamber

(Y.-Z. Qian, astro-ph/0501237)
data from 3 different halo stars shows that abundances below A = 130 are in

agreement (O to Ge pattern is identical)...but abundances above A = 130 differ by
over a factor of 100!
different progenitor masses produce different elements!
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You are not connected to the Internet.
Safari can’t open the page “http://www.myspace.com/quarknova” because your computer is

Network Diagnostics can help you solve network connection problems.

( Network Diagnostics... )
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Outer crust




QCD Phase Diagram

+ EARLY UNIVERSE
¢

Cuark-gluon plasma

5]
R Do Colour Superconducior

Meutron stars

10 times normal nuclear density



True Ground-State Mystery

(Bodmer, Terazawa, Witten)

\ E/B [MeV]

m _~150 MeV
S
uds—quark matter




Energy per Baryon of Strange Quark Matter
J. Madsen, PRL 87 (2001) 172003

-- ordinary SQM
CFL SQM
56
Fe) m =150 MeV

BE/A (MeV)




(e e/ Transition from Neutron Star to
_ Quark star
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More energy released during the phase transition

Explosive expansion of neutron-rich matter

Seed nuclei up to Z=70

Large neutron capture rates

Range of timescales (lyr to 1079 yrs)
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Seed Nuclei (40 < Z < 70)




Seed Nuclei (40 < Z < 70)

|
= | il
£ \




Seed Nuclei (40 < Z < 70)
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Abuncan

Seed Nuclei (40 < Z < 70)
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Seed Nuclei (40 < Z < 70)
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Abunclan

Seed Nuclei (40 < Z < 70)
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Seed Nuclei (40 < Z < 70)
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Light element (Ge, Ti) production by alpha-burning

________________________________

Observations of C 1a-rays from 11 (half-life=90 years)
can conﬁrm the Quark-Nova Scenario
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Seed Nuclei (40 < Z < 70)
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Seed Nuclei (40 < Z < 70)
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Abundan

Seed Nuclei (40 < Z < 70)
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Seed Nuclei (40 < Z < 70)
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Seed Nuclei (40 < Z < 70)




Abuncdan

Seed Nuclei (40 < Z < 70)




Abundan

Seed Nuclei (40 < Z < 70)




Light element (Ge, Ti) production by alpha-burning

...............................

Observations of C 1a-rays from ““T1 (half-life=90 years)
can conf rm the Quark—Nova Scenario




Ve are all ...
| 3 Billion years old !
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Connecting Quarks with the Cosmos:

Eleven Science Questions for the
New Century




THE END




