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Quasars: A Scientific Mystery

e 1950s: radio astronomy is a new field.

e Search for optical counterparts to radio sources:

— Center of the Milky Way Galaxy (Sagittarius A).
— Supernova remnants (Crab Nebula).
— Radio galaxies (Centaurus A).




Radio Galaxies

Centaurus A — VLA and Optical superposed




A New Class of Radio Sources
e Problem: poor resolution of early radio telescopes.

e Peculiar group of radio sources:
— Stellar appearance (quasi-stellar) in optical images.
— Unidentified emission lines in spectra.

e Quasi-stellar radio sources or Quasars.




3C 273 photographic image by Alan Sandage; Palomar 200-inch telescope




Peculiar Quasar Spectra

e Marteen Schmidt 1963:
— 3C 273 — highly redshifted H-Balmer emission lines.

— @\QH% = v = 0.16c.
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Greenstein & Schmidt, Astrophysical Journal, 140, 1




3C 273: Distance and Luminosity
e Schmidt applies Hubble’s Law (Hg = 100 km/s/Mpc):
— high redshift = large distance, 474 Mpc.

— large distance = large luminosity, 1012L,.
= 3C 273: most luminous object known In the universe.




Quasar Size
e Brightness varies on timescales of weeks or months.
e Variability timescale depends on 2 things:

— physics of variability mechanism.
— light travel time to cross the source; = upper limit to size.

= quasar diameters must be less than a few light months.

e Quasars are extremely distant, extremely luminous and tiny!




Quasar Contr oversy
e Are quasar redshifts really due to distance?

e Non-cosmological redshifts:
— are guasars ejected from nearby galaxies?

e Quasar “fuzz”:
— deep images of low-redshift quasars reveals host galaxy.

— uasar and surrounding fuzz have same redshift.

= Quasars are phenomena of the centers of galaxies.




Quasar Host Galaxies

HST images of PG 1211 and PG 1351 — Barth, et al. (in prep.)




Quasar Host Galaxies

HST image of PG 0844 — Barth, et al. (in prep.)




Quasar Energy Sources

e \What then can be the energy generation mechanism?

— accretion on to black holes Me ~ 10° — 10° M, (Rees
1967)

— host galaxy gas as fuel source: “feeding the monster”.
— quasar spectra similar to nearby galaxy nuclel.

= quasars are high-luminosity variety of Active Galactic Nu-
clei (AGN).




Active Galactic Nuclel

e Confusing phenomenology and classification:
— Type 1, Type 2, Radio Loud, Radio Quiet.
— Seyfert galaxies, Radio galaxies, LINERS, Blazars.

e Related objects: Starburst galaxies, Ultra-Luminous Infrared
Galaxies (ULIRGS).




Unifled Models of AGN

e Unified models of AGN.
— SMBH, accretion disk, high density clouds on smallest

scales.
— dust torus surrounding center.

— radio jet, lower density clouds farther out.
— orientation effects determine AGN type.

From Paolo Padovani’'s Home Page




Evidence for Black Holes in Galaxies

e If quasars are powered by black holes, what evidence Is
there that large black holes exist?

e Can’t see the black hole; CAN see its gravitational influence.
e Basic method — combine velocity, V', and size, R

Me = V?R/G

e Best case for black hole is center of the Milky Way, Me =
3 x 105 M.




Evidence for Black Holes — M84

Velocity position diagram, Bower et al. 1998

M =3x10 M .



Super Massive Black Holes in Galaxies

e Paradigm: massive black holes in all galactic nuclel.

— bulge luminosity Ly, & Mo correlated
(e.g. Kormendy and Richstone, 1995).

— M — o4 correlation .
(Gebhardt et al., 2000, Ferrarese & Merritt, 2000)

e Co-evolution of galaxies and black holes.




Sombrer o Galaxy

M104 imaged by the VLT ANTU + FORS1, European Southern Observatory




Quasar Black Hole Masses

e Big observational problem:
— nuclear source covers up host galaxy features.
= M In quasars almost impossible to measure.

e Need new bag of tricks!
— Try lower luminosity AGN first.
— M from Reverberation Mapping technique.
— Use Me — 0« Or Me — Ly, 4 COrTelations.




NGC 4151 — Seyfert 1

B-band KPNO 0.9-meter




Galaxy Bulg e Velocity Disper sion

e Galaxy bulge — central spheroidal shape.
— Gaussian (i.e. bell-curve) distribution of velocities.
— some stars approaching, some receding.
— larger galaxies have broader range of velocities




Galaxy Bulg e Kinematics

e Galaxy spectrum — mix of stellar spectra.
— redshift of galaxy, z, velocity dispersion, ox.
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Velocity Disper sions In Seyfert Galaxies
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Velocity Dispersion & Black Hole Mass

+ G2000 data
e Seyferts
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Quasar Nuclear Subtraction

e Host galaxy recovery program (Barth, et al. in prep.)
— Quasar nucleus identical to an image of a star.
— Image processing techniques quasar nucleus.

Original and point source subtracted image of PG 1617




Drake Research on Quasars and AGN

e Host galaxies:
— Bulge luminosity Ly, — Mo correlation.

— Infer M from host galaxy properties.

e Emission lines:
— emission lines produced by ionized gas.

— gas and stars move in same gravitational field.
— emission line kinematics as proxy for o.




Quasars as Cosmological Probes

e High luminosities of quasars =- can be seen at large dis-
tances.

e Lookback time — see quasars as they were Iin the past.

e Most distant quasars z > 6, look back time of ~ 12 billion
years.

e How have guasars changed over the lifetime of the universe?




The Quasar Epoch

Bill Keel's Web Page http://www.astr.ua.edu/keel/agn/qsoevol.html




Quasar Evolution

e Epoch of Quasars at z = 2:
— more efficient fueling due to galaxy interactions (?)

— Initial growth of quasars at z > 2.

e Where are all of the dead quasars?
— centers of galaxies.




Observing Run at Keck |l

e Original program:
— velocity dispersions, o, in low luminosity quasars.
— So far, even Keck fails to measure o in quasars.

e Secondary program — quasar at z = 6.41 (Fan et al.
lanl.arXiv.org/abs/astro-ph/0301135)

— most distant object in the known Universe (at the time,
March 2003).

e Look back time = age of quasar < 1 — 2 x 10° years
(age of the Universe is 13.6 x 109 years).




Observing Run at Keck |l

e Quasar spectrum = black hole mass, elemental abundance.
— Fe/Mg ratio sensitive to supernova (SN) type.

— Type la SN = Fe, stars older than a few x 10° years.
— Type Il SN = Mg, massive young stars.

— High Fe/Mg ratio = older stars present at redshift of the
guasar.

e Results:
— Me~2—6x 10° Mg
— Abundances suggests formation of quasar at z > 10!




Summary

e “Monsters” lurk in the centers of galaxies.

e When they “feed” they become quasars, the most luminous
objects in the universe.

e Quasars used to probe the evolution of the universe.




3C 273 Host Galaxy

HST coronographic image of 3C 273 with nucleus masked.




