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Abstract. The years 1998 to 2008 were very exciting years for cosmoltigyas a pleasure
to accept this invitation to describe my contributions te thevelopment of our knowledge and
understanding of the universe over the course of the pastddedere, | begin by describing
some of my work on radio galaxies as a modified standard yiekdstd go on to describe model-
independent studies of the accelerating universe and tiegdies of the dark energy. During the
course of these studies, | came upon interesting ways ty shedspin and other properties of
supermassive black holes, some of which are briefly mendione
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THE EARLY YEARS

Many scientists have contributed to our knowledge and wtdeding of the accelerating
universe and the properties of the dark energy. In keeping thie request of the
conference organizers, this paper only addresses my lotims to this field.

The years 1997 and 1998 were exciting times for cosmologyd been studying
powerful classical double radio galaxies since the ear0%9], and had proposed
a new method of using radio galaxies as a modified standadbtyek in 1994 |[2].
This work continued with Princeton University PhD thesisdgnts Eddie Guerra, Lin
Wan, and Greg Wellman, and some of this work included cosgicdd studies ([3],
[4], [5], [B], [7]), and studies of outflows from the superrsa® black holes that power
the radio sourcesl([8],[9], [10], [11], [12]). The cosmoicg studies were done in the
context of two cosmological world models: one that included-relativistic matter, a
cosmological constant, and space curvature, and anotaemitiuded “quintessence”
with constant equation of state, non-relativistic matiex] zero space curvature. Later,
radio galaxies were studied in the context of a cosmolognalel that included a rolling
scalar field, non-relativistic matter, and zero space ¢ureg13], [14].

The cosmological results eventually published by [6] werespnted on January 9,
1998 at the AAS meeting in Washington, D. C.; the sample ohtweadio galaxies
studied is briefly mentioned in AAS Bulletin Abstract 95.04hese results indicated that
a cosmological constant provided a good fit to the radio gatiata. In late 1997, Steve
Maran from the AAS press office invited me to prepare a prdsase on cosmological
studies with radio galaxies to be presented on January 8,188 | accepted this
invitation. The press releadeexplains how distant radio galaxies can be used to study

1 available at http://www.princeton.edu/pr/news/98/ixilatml under “The Ultimate Fate of the Uni-
verse” (1/8/1998) and at http://www.bk.psu.edu/facaddyy
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the expansion history of the universe. For a given observggilar size of the radio
source, a large intrinsic size meant that the coordinatante to the source was large,
and that the universe was accelerating in its expansioin) tine words of the release,
“the expanding universe will continue to expand foreved waill expand more and more
rapidly as time goes by.” This is explained again later inrlease where it states “the
universe will continue to expand forever and will expand &ster and faster rate as
time goes by.”

The press release session included supernova resultfe@d®y Adam Riess and
Saul Perlmutter, and | had an opportunity to discuss my csmmhs with Adam and
Saul in detail. They were surprised to hear that a cosmahbgionstant provided a
good fit to the radio galaxy data, which implied the universrild expand at an ever
increasing rate. Each expressed a similar concern, thisecotbeing the dependence of
the result on the cosmological model or world view under aersition. The result that
| was reporting on was obtained in the context of a cosmo#dgitodel that allowed
for non-relativistic matter, a cosmological constant, apadce curvature. If different
components were present in the universe, would the ddtergtily that the universe was
accelerating? In fact, addressing this concern was pahteofriotivation for developing
a completely model-independent approach to the analysisraarpretation of radio
galaxy and supernova data (described below).

Two supernova groups showed that a cosmological constavidas a good descrip-
tion of the supernova data (e.g.[15],[16]). As time passetraore data were analyzed,
it became clear that these two completely independent rdsih€RI1lb radio galaxies
and type la supernovae, based on totally different typeswifcgs and source physics,
yield very similar results [17])[18]/[19]/ [20], [21], [42[23]. This was important be-
cause it suggested that neither method was plagued by umksystematic errors.

One of the reasons the radio galaxy method provides integestsults with a rela-
tively small number of sources is that many of the radio sesiiare at relatively high
redshift. For example, the highest redshift source in eithe radio galaxy or super-
novae samples is the radio galaxy 3C 239 at a redshift of Wii@h has been included
in the radio galaxy studies since 1998 [3]. Differences leetwpredictions of various
cosmological models become large at high redshift, so leédkhift data points can have
a strong impact on results.

UNDERSTANDING THE RADIO GALAXY METHOD

The methods of using type la supernova and type llb radioxgeddor cosmological
studies are empirically based. It could be empirically destated that the methods
worked well, but the underlying physical processes werainderstood well enough to
explain why the methods worked so well. This changed in 2002He radio galaxies,
when the reason that the radio galaxy method works so wetlrbegbecome clear![7].
The radio galaxy method is applied to very powerful cladsimauble radio galaxies,
such as the radio source Cygnus A (3C 405). These FRIIb raadaxigs are powered
by very energetic, highly collimated outflows from regiorsyclose to a supermassive
black hole located at the center of a galaxy. When the cotéohautflow impacts the
ambient gas, a strong shock wave forms, and a shock frontetepdhe radio emitting



material from the ambient gas [1]. The physics of strong kbas fairly simple and
straight-forward, and makes these systems ideal for caxyiual studies.

Large-scale outflows from supermassive black holes aregtitda be powered by the
spin energy of the hole (e.q. [24], [25], [26]). When [7] cHs radio galaxy method in
the language of the Blandford-Znajek model to extract the spergy from a rotating
black hole [24], it became clear that the outflow from the hadeurs when the strength
of the magnetic field near the hole reaches a maximum or himitialue. This value
can be written as a function of the black hole mass, spin, hadadio galaxy model
parameterf3. When the radio galaxy model parameter has one particullae \&= 1.5,
the relationship between the magnetic field strength angtbperties of the rotating
hole is greatly simplified, and the field strength dependy ampon the black hole
spin. Empirical studies by [7] and [14] found that the valdgBois very close to 1.5,
B ~1.5+0.15. Thus, the reason the radio galaxy model works so welbiskie outflow
from the supermassive black hole is triggered when the mangineld strength reaches
a maximum or limiting value that depends only upon the blaalle Ispin. Interestingly,
other models, such as that by [27], have the same functiamal s the Blandford-
Znajek model|[24] but with a different constant of proponadity, and the results of [7]
apply to any model with the same functional form as the BlaraZnajek model.

THE MODEL- INDEPENDENT APPROACH

From 1998 to 2002 the study of the acceleration of the unéverss done in the context
of particular cosmological world models, and the questibwloether the acceleration
of the universe could be studied independent of a partiamdamological model and
independent of a theory of gravity captivated my interest.afidress this question,
| worked to develop an assumption-free, or model-indepetdeethod of analyzing
supernova, radio galaxy, or other data sets that providelowaie distances. The method
was proposed in 2002 [18], and, in collaboration with Ge@g®govski, was developed
and applied to supernova and radio galaxy data sets [19],[[ZA], [22], [23].

Assuming only that the Friedmann-Lemaitre-Robertsonké&fadFLRW) line element
is valid, coordinate distance measurements can be usedtaondhe expansion and
acceleration rates of the universe as functions of redshifordinate distance measure-
ments are easily obtained from luminosity distances or Engize distances to any type
of source (e.g. supernovae or radio galaxies). The FLRWdiament is the most gen-
eral metric describing a homogeneous and isotropic fomedsional space-time. These
determinations of the expansion and acceleration ratdseofiniverse are independent
of a theory of gravity, and independent of the contents ofitiieerse ([18],[19]). It was
shown by [23] that the zero redshift value of the dimensissilecceleration rate of the
universe is independent of space curvature, and that vailasiresults are obtained for
the dimensionless acceleration rgfe) and the expansion rate of the univekg) for
zero and reasonable non-zero values of space curvaturs, Tfeumodel-independent
method can be applied without requiring that space curediarset equal to zero.

It was shown by [19],.[20],[21]/[22], and [23] that the unige is accelerating today
and was most likely decelerating in the recent past, andrésslt is independent of
a theory of gravity, of the contents of the universe, and oétlver space curvature is



non-zero (for reasonable non-zero values).

Recent determinations dfi(z) and q(z) obtained using the model-independent
method are compared with predictions in a standard Lambdd Oark Matter
(LCDM) model in Fig. 1 (the thin solid line shows the LCDM pietion). These
results indicate that the LCDM model provides a good desonipof the data to a
redshift of about one (e.g. [19], [20], [21], [22], |23]). #.CDM model assumes that
General Relativity (GR) is the correct theory of gravityasp curvature is equal to zero,
and two components contribute to the current mass-enengsitgleof the universe, a
cosmological constant and non-relativistic matter with%0and 30 %, respectively,
of the normalized mean mass-energy density of the univéreeacurrent epoch. As
discussed by [23], a comparison of model-independent mé@tations ofH(z) and
q(z) with predictions in the LCDM and other models provides aédasgale test of GR.
Current observations suggest that GR provides an accueatzigtion of the data over
look back times of about ten billion years [23]. There is a biina deviation of the data
from predictions in the LCDM model at redshifts of about of€{, [23]).

The model-independent approach can be extended to solvkeqroperties of the
dark energy as a function of redshift [20], where the “darkrgg” is the name given
to whatever is causing the universe to accelerate. AssuthetgGR is valid on very
large length scales, and that space curvature is zero,rsn@eand radio galaxy data
can be used to solve for the pressure, energy density, equatstate, and potential and
kinetic energy densities of the dark energy as functionsd$hift ([20], [23]), as shown
in Fig. 2. Results obtained using the model-independentagp can provide valuable
information to theorists developing new ideas to explamdhceleration history of the
universe and the properties of the dark energy. This is cemehtary to the commonly
adopted approach of assuming a particular dark energy naodietosmological world
model and solving for best fit model parameters (e.g. [LH],[[¥], [6], [7], [13], [14]).

In studies of the properties of the dark energy, the equatistate of the dark energy
has surfaced as an important parameter. A cosmologicatamanisas an equation of
state that is always equal tel. To study the equation of state of the dark energy in a
model-independent manner, [23] defined a new model-indégperfunction, called the
dark energy indicator. The dark energy indicator providesasure of deviations of the
equation of state from-1 as a function of redshift. Current data suggest that a \@flue
w = —1 provides a good description of data at redshift less thaed Fig. 2).

SUPERMASSIVE BLACK HOLES AND THEIR SPINS

The radio galaxies described above are powered by larde-@atilows from the vicinity
of supermassive black holes. Studies of the propertiesadia galaxy allow the energy
per unit time, known as the “beam power,” that is being chgth&om the vicinity of
the supermassive black hole to the large-scale outflow teebsmined. Studies of the
beam power and other source properties provide importarghits and information on
these black hole systems (e.g./[12], [28],/[29]).

For example, the beam power can be combined with the radixgatodel parameter
B to solve for the total energy that will be channeled away fritv@ vicinity of the
supermassive black hole over the full lifetime of the outfi@g. [12], [7], [29]). The



| ; ﬂﬂ“”““ "‘:
| T T .....!,,.|||||||||||\|“““W||"

q(z)

i ||||||||||||||||||||||||||!.......................iiiiﬂllllﬂiiiiiiIIIIIIIIIIIIII||||||||||||| “||\||||\|||||\||N“
|i.|mumnu|||||uii|||||||||||mm|||| il
A

1

FIGURE 1. Dimensionless coordinate distances (filled symbols irtdicadio galaxies and open sym-
bols indicate supernovagj,(z) for supernovae (middle left panel) and radio galaxies (boteft panel),
andq(z) for supernovae (top right panel) and radio galaxies (botight panel); from Daly et al. (2008).

total energy of the outflow can be combined with the black Inodess to obtain a lower
bound on the spin of the supermassive black hole [30], asgpuomnly that the highly
collimated outflow is powered by the spin energy of the supeasive black hole. This
is one of the very few direct indications of the spin of supassive black holes known
at present. The ratio of the total outflow energy to the blagle Imass appears to be
constant for these black hole systems. This ratio provigesmngortant diagnostic of
the physical state of the black hole system at the time th#osuis generated, and
the results of([30] indicate that each system is in a similayspcal state when the
outflow is triggered. Thus, these studies provide insights the physical conditions
of supermassive black holes systems and their state atntieeptdwerful outflows are
generated.

It is a pleasure to thank David Cline for encouraging me te dhis presentation,
and my collaborators in these endeavors, especially Gdyjagovski, Chris O'Dea,
Preeti Kharb, and Stefi Baum. This work was supported in patJls. NSF grants
AST-0096077, AST-0206002, and AST-0507465.
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FIGURE 2. Dark energy pressure (top left panel), energy density (haitidt panel), and equation of
state (bottom left panel), and the dark energy indicatgh¢manel) as functions of redshift for a combined
sample of supernovae and radio galaxies; from Daly et aDgR0
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