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Hubble Discoveries

Most Important Scientific Results

2) Characterized (age & composition) previously unresolved stellar populations

4)  Spectroscopic detection of atmosphere of planet around another star
5)  Measured masses of black holes in centers of galaxies

8) Observations of unusual solar system phenomena

9) Resolved host galaxies of quasars

10) Demonstrated association between disks and jets, and that disks around young stars
are common

Others: Evolution of IGM from QSO absorption lines
Determination of Hubble Constant (H, = 75 km s Mpc)
UV spectroscopy of the ISM, nebulae, winds, & galaxies



Host Galaxies of
Gamma Ray Bursters

(greatest explosions since Big Bang)



Gamma Ray Bursts

* 1-10 sec bursts of radiation from unresolved sources in distant galaxies.
~2/week detectable in visible universe.
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Epoch 1 (~14 days)

Epoch 3 (~32 days)

GRB 011211 @ z=2.1

Epoch 2 (~26 days)

Epoch 4 (~59 days)
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Gravitational Lensing
(Mapping Dark Matter)









Accelerating Expansion of
the Universe

(Dark Energy)



Scale of the Universe
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Galaxy NGC 4526

High-z SNe Team



Distant Supernovae Hubble Space Telescope = ACS
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The Distant Universe:

Evolution of Galaxies



Science 1990, 248, 178

What the Longest Exposures from the
Hubble Space Telescope Will Reveal

Joun N. BancarL, PURAGRA GUHATHAKURTA, DONALD P. SCHNEIDER

Detailed simulations are presented of the longest expo-
sures on representative ficlds thatr will be obtained with
the Hubble Space Telescope, as well as predictions for the
numbers and types of objects that will be recorded with
exposures of different durations, The Hubble Space Tele-
scope will reveal the shapes, sizes, and content of faint,
distant galaxies and could discover a new population of
Galactic stars.

ke launched soon and the irst scentilic observations should

be available within several menths. Many authors have
discussed the qualitative advances that may be anticipated with an
orbiting space telescope in such diverse areas as astrometry, inrerstel-
lar matrer, stellar evelution, galactic structure and evolution, guasar
research, and cosmology (1, 2). For most observations, the HST will
be pointed at individual objects or fields of special inrerest. We
discuss the specific set of observanions in which the relescope will
take pictures of random fields (devoid of objects known a prori
be of special interest) in order to determine the statisrical charactens-
tics of faint galaxies and stars.

In this article we present quantitative predicnions of what the
HST images of these representative fields will show based upon
what we know from ground-based telescopes, The comparison of
the HST observations with these predicrions will constiture an
objective measure of what HST discovers about the properties of
faint galaxies and stars. Our working hyvpothesiss, which will be

THE HusrLe Srack TELEscOPE (HST) 15 SCHEDULED TO

=195 (ncar-infrared magnitude [ — 18.5); there are approxi-
mately (1.1 stars (or galaxies) arc min™” mag ™" ar this magnitude. By
7= 225, the palaxies outnumber the stars by a factor of 10, and
there are abour 2.5 galaxies arc min * mag™'. Ar V=25, the
expected number of stars {~0.35 arc min ¥ mag ") is only 1% of
the number of galaxies. The limitng flux kevel reached by long
exposures on stars of fainr, distant galaxies scales approximately
proportional to the inverse square root of the observing fime. I

We do nor expect HST 1o reveal a new popularion of galaxies,
Ground-based observations can detect galaxies to avisual magnimde
limit of about 17 = 27 (3). This is also the approximare detecrion
limir for relatively compact objects (radius —0".2) with HST in the
lengest planned exposures by guaranteed time observers (GTOs) (4,
5. For a given luminosity, the more compact the object the easier it
i to detect. To escape derection from the ground bur sull be
observed with HST, the faintest galaxies (11 = 27} must have
angular radii of less than ~0".2; this seems an unlikely possibiliy
isee our discussion below of Fig. 4).

In agreement with previous authors, our analysis suggests that the
mapor contribution of HST for galaxy research will be in revealing
the shapes, sizes, and content of previously unresolved  galaxies.

Table 1. The number densioy of Faint galaxies and stars. The caleulared roral
mumnbeey of obpects per square arc mimute at high Galactse latitudes with visual
mragmitudes, [, and near-infrared magnioades, [, less than the specified
brighmess, m. Also shown are the calenlated number of stars per square arc
minure. For specificity, the luminosity funciions of fint spheeoid and
disk stars are assumed constant between My = 12 and M, = 16.5 No
Brown dwarfs are incleded. The 17 galaxy counes are assumed o tollow a
power law beyond V= 26, and the T eounts are F magnitude-Emited with

TF = 1 W 0 1



marny as 100 brown dwarfs could appear on a picture taken with
HST's Wide Field Camera (WFC) (4) that exrended to an infrared
magnitude of I = 26 (25 of them having T < 25) if the missing mass
m the Galacric halo is composed entirely of brown dwarfs. This
discovery would imply, contrary to some theoretical ideas (8-9),
that the majority of the halo brown dwarfs have not yet cooled
beyond the limitng sensitvity of HST. For the simplest case in
which all of the brown dwarfs have the same absolute luminosicy
and mass, the number with an apparent infrared magrimade (myg)
brighter than [ is:

= = P
nimg = I} 1m(ﬂ_m Mo ]x—.:) (

ALl K - it Ll Lisllal

0.08 M, )
Ml:lmwn dwarf

w QO - 26 — (M - 151 (1)

for the area of a WEFC field (7.1 arc min®). Here p is the halo densiey
in the form of brown dwarfs in solar masses per cubic parsec and M,
i= the absolue 1 band magnitude of the brown dwarfs. Possible
values of these quannities are also indicared: pprage ~ 0.01 Mz ]:|-||:_H
(7). limiting — 26 (a conservative limit for a moderately long
exposure), and M; = 15 (the greatest source of uncertainty). The
number of brown dwarts in the disk could be of order ten or so per
deep WEC ficld if the missing mareer in the disk 15 all brown dwarts.
Some of these objects may be young enough to appear on deep
WEFC images. Brown dwarfs will be visible either by the rapiud
increase in the rotal star counts due o the appearance of the new
population (see the 10 factor in Eq. 1) or by the discovery of very
red objeces with 17— 1= 4,

The longest HST exposures will also provide important new
information on the number of faint quasi-stellar objects, quasars,
The most accurate ground-based determinations of guasar numbers
{ 109 do not reach fainter than blue magnitude B = 21, a linit which
could be extended by a factor of more than a thousand in brightness
by HST images. A naive extrapolation of the ground-based observa-
tons would suggest that the quasar pumber density at faint

13 APRIL 1900

F~ 26,

For the simulations presented in this arucle, we have used
propernes of galaxics and of stars that are known from ground-
based photomernic opnical imaging. In order to estimate certain
galaxy parameters, we have been forced to extrapolare quanriies thar
have been measured accuratcly only for relatively bnght galaxies
i ¥ = 15}, even though the vast majority of galaxies in the simulated
nages (and those expected to be detected in the WEC deep images)
are much fainter (¥ = 22).,

Owr results show that the maost sensitive exposures achieved so far
trom the ground reveal more galaxies per unit area than will be seen
by planned HST observations unless galaxy sizes decrease with
apparent brightness at the maximum rate consistent with existing
ground-based observations. In this, the most favorable case for
HST, the space exposures will show almost as many galaxy images as
have been observed so far in the most sensitive ground-based dara.

Figure 1 15 constructed with simulation software (11) that embod-
ics the characreristics of the HST, the WEC, and the expecred
number density of galaxies and stars as a function of apparent
magnitude. Each frame represents one quarter of a WFC held (80"
by 807). These pictures are in some sense “ideal™ images; the effects
of cosmic rays and detecror systematics are presumed to be removed
perfectly from the images.

A simulation of a moderately long exposure, one orbir or 2300
seconds, made with the wide band wisual (1) fileer (F55W) 15
shown in Fig. 1A, This simulation suggests that H5T images of
high-latitude random fields will not contain many objects unless
cxrremely long exposures are taken.

Our best estimates of what will be observed on very long
exposures in which data from eleven orbits are co-added are shown
in Fig. 1, B and C. Figure 1B simulates observations made with the
wide band visual filter {same as for Fig. 1A except that the exposure
me is 11 oimes longer) and Fig. 1C simulares observations made
with the broad band I fileer (F785LP). The simulations refer to the
longest broad band observations (slightly more than 7 hours) on a
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Hubble Ultra Deep Field HST = ACS
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HST = ACS

Hubble Ultra Deep Field Details
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Hubble's Legacy

Scientific Results
-Detected acceleration of the universe
>>>> Affirmed existence of dark enerqy’
-Detected distant galaxies before the Hubble sequence had formed
>>»> Validated the concept of photometric redshifts
-First direct detection of planetary atmosphere constituent outside solar system
>>>> Na I D line absorption in transiting planet around HD 209458
-Characterized supermassive black holes in centers of galaxies
-Demonstrated that disks around young stars are common
>>»> Ofther solar systems may be very common
-Resolved and characterized previously unresolved stellar systems
>>>> Made H-R Diagrams possible for extragalactic systems
-Observed rare solar system phenomena

Impact on Science Culture
-Importance of Director's Discretionary time in defining science program
-Importance of archival data with finite proprietary time for data
-Importance of multi-wavelength, coordinated observations on other telescopes
-Value of data reduction funding
-Value of large public outreach program, i.e., engaging the public
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