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ABSTRACT
Our understanding of galaxy formation and evolution remains uncertain and finds new directions when new observations are made.  The conventional view is that galaxy formation occurred a long time ago and therefore that most galaxies are old.  However, recent observations with the GALEX satellite and with the Spitzer Space Observatory are suggesting that there is a significant percentage of nearby galaxies that are continuing to form and grow as the result of large scale star formation induced by either a) accretion of material from the Intergalactic Medium or b) strong gravitational interactions with other galaxies.   The PI is involved in research campaigns with GALEX (a UV imaging satellite) and SPITZER (an IR telescope) on these kinds of galaxies and is using the research camera at the Pine Mountain Observatory to serve as ground based optical support for these two missions in order to further elucidate the nature, location and amount of star formation going on in these galaxies to better probe whether they are still substantially forming today.  The astrophysical question of interest is related to a long standing issue of whether or not galaxies are continuing to accrete new material (gas and dust) from either the intergalactic medium or through disruptive gravitational interactions with other galaxies and hence are still in the process of formation.  We therefore request continued NASA Space Grant funding to sustain our ground based support of NASA Space Science Missions as related to this specific science goal.

Project Narrative:

Introduction:

The Pine Mountain Observatory is a unique resource in the state of Oregon serving as its only professional observatory that is actively engaged both in Space Science Research and in space science educational outreach.  As a research facility, the 32-inch telescope at PMO utilizes a wide field prime focus CCD camera that is optimized for filter imaging at the shortest possible wavelengths before the atmospheric cutoff is reached (at approximately 3200 angstroms).  In this proposal we seek continued funding to maintain our program of ground based imaging of targets that have been observed with either the NASA GALEX mission or the NASA Spitzer Space Telescope.  GALEX is a satellite with instrumentation optimized to image objects in the near and far UV wavelengths.   For galaxies, these wavelengths optimize the detection of star formation in unobscured regions.   When star formation is occurring in regions that are heavily obscured (by dust), the absorbed UV flux is then re-radiated as thermal radiation from dust at a characteristic temperature of 30-100 K.  The Spitzer Space Telescope is optimized to detect radiation at these wavelengths (4-100 microns).  Hence, a combination of SPITZER and 
GALEX data provides us a more complete view on the behavior and evolution of star formation within galaxies and the extent to which it is triggered by external gravitational interactions with other galaxies.   Imaging at PMO provides the final piece of information at optical wavelengths to supplement and compliment the UV and IR data taken from these satellites.  Moreover, in the case of GALEX, U-band imaging at PMO has produced a large list of candidate objects for follow-up  imaging in order to further pursue the newly observed phenomena of greatly extended UV disks (XUV disks – see Lemonias and Schiminovich 2010;  Thilker etal 2007).  In GALEX Cycle 4, we confirmed the XUV phenomena in two cases and plan for propose a much larger campaign, based on the PMO candidates, for GALEX Cycle 7.  Finally, this camera system can also support various undergraduate research programs and serve as an effective mechanism for increasing STEM literacy in our undergraduates through the process of data acquisition, reduction and analysis.   A few example undergraduate research projects that could be done at PMO are given at the end of the research section of this proposal.
Project Objectives and Scientific Justification:
NASA has recently launched two satellite observatories whose capabilities are directly related to current faculty research that is underway at the Pine Mountain Observatory.  These missions are

The Spitzer Space Telescope (SST) – an imaging telescope that operates in the infrared (spectral range of 3-100 microns) and 2) The Galaxy Explorer (GALEX) which images in the ultraviolet (1000-2500 angstroms).   The SST is sensitive to the presence of dust and molecular emission; GALEX is sensitive to the presence of hot stars.  The Pine Mountain observatory is currently engaged in a U-band (3500-4500 angstroms) imaging survey both for follow-up observations of SST and GALEX sources as well as identifying new candidates for GALEX imaging.  The astrophysical question of interest is related to a long standing issue of whether or not galaxies are continuing to accrete new material (gas and dust) from either the intergalactic medium or through disruptive gravitational interactions with other galaxies and hence are still in the process of formation.  Conventional modeling shows that star formation can only [image: image1.jpg]


occur in relatively dense regions of galaxies which harbor giant, cold, molecular clouds.  This leads to the expectation that galaxies are density bounded (i.e. would have hard edges) and would have formed the bulk of their stellar mass long ago.   However, SST has discovered sources of emission that are well beyond the nominal edges of galaxies and GALEX has provided truly remarkable surprises.  Specifically, the emergence of extended UV disks in spiral galaxies (often those with known extended H I distributions) has been regarded as one of the more interesting and surprising results from the GALEX mission to date.  One of the better examples of this phenomenon is shown in the image above for the case of NGC 4569 (Gel de Paz etal 2007).  Here the green ellipse defines the nominal extent of the galaxy as determined by optical imaging.  The excess NUV emission in these GALEX image is obvious and represents a large spatial extent of presumably newly formed stars in very low density region.  This best understood in terms of accretion of new material from the Intergalactic Medium but the amount of implied accreted material is very large in order to fuel such extended star formation.  Essentially, this galaxy has more than doubled in size as a result of this event.
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Similar results have now been seen for galaxies in the PMO candidate sample.  An example is shown here for the case of NGC 5172.  This is a relatively normal galaxy; the preliminary Near UV image is shown to the right.  Further data processing will bring out much more fainter details.  The solid (blue) ellipse shows the extent of this galaxy as defined by its optical light.  Clearly, once again, XUV structure is present as the galaxy is nearly twice as big at these wavelengths.  Recall that the presence of UV radiation implies hot stars, and hot stars are recently formed stars.  So NGC 5172 again provides a strong example of the curious case of star formation that is occurring, at a fairly vigorous rate, at regions far removed from the center of the galaxy.
Consistent with this interpretation is the image below which shows the preliminary color composite difference between the Far UV image and the Near UV image.  In this image one sees essentially two blue oval rings.  The inner one corresponds to the optical size of the galaxy as shown previously.  The outer one, which is clearly seen in this color difference image, is a nearly continuous ring of hot stars, again implying the presence of significant amounts of star formation in the outer regions.  This galaxy is therefore clearly growing with time and this has major implications with respect to [image: image3.png]


the size evolution of galaxies and the inferences we make about galaxies when we observe them at high redshift (i.e. when they were young).  In principle, these XUV structures are suggesting that galaxies can’t be as big as we think they are, when we observe them at high redshift.   With continued support of this observational program, PMO will be able to produce more examples of the XUV phenomena to establish how common place it is for nearby galaxies of a certain type.  We also note that this particular PMO/GALEX research does form the basis for a PHD thesis of Mr. Cullen Andrews, a current UO graduate student.

.
[image: image4.emf]The PI is also currently involved in a systematic study of Luminous Infrared Galaxies (LIRGS).  These are galaxies with very strong star formation rates as inferred by their large ratio of IR to optical luminosity.  They were first discovered in the NASA IRAS mission launched in 1984.  The PI is member of a Spitzer Legacy Team (e.g. Armus etal 2009) that is systematically imaging nearby LIRGS and combining that with GALEX Imaging (see Howell etal 2010) to better understand the nature of these galaxies and their star formation patterns.  More specifically, most of the LIRG galaxies were later observed to be strongly interacting with other galaxies which was thought to be a catalyst for a star formation burst.   One of the main results that has emerged from the combined GALEX/SPITZER sample of LIRGS is shown to the right where we plot the ratio of the IR flux to the UV flux (Y-axis: higher values indicate preferentially more obscured star formation) against the UV continuum slope (X-axis: Beta).  The solid line represents the locus of points the galaxies should inhibit if they follow a conventional mode of star formation.  The large scatter sound that line indicates substantial deviations from that mode, which in itself is an important result.  But of relevance to PMO is the current intermixing of the red and black points – that is, interacting galaxies are indistinguishable from non-interacting galaxies, which is counter to expectations that suggest non-interacting galaxies should be well separated from interacting ones in this diagram. The likely explanation is that the signs of the interaction have died out (therefore leading to these galaxies being erroneously classified as Non-interacting) but the impact of the interaction, namely the star burst phenomena is still there and the stars formed from that interaction are producing most of the observed flux in this figure.  Deep optical imaging at PMO can be used to search for faint tidal streamers and other indicators of a recently past interaction or merger thus removing the non-interacting label for these galaxies.  Preliminary observations of 3, formerly declared non-interacting galaxies, have in fact shown evidence for a past interaction that can explain the current burst of star formation.   Thus we expect that sufficiently deep exposures of the galaxies in the non-interacting sample will show evidence, that in fact, they are simply at the last stage of they dynamic interaction which has produced the current star formation.
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Finally, in our U-band survey we have come across a few exotic looking galaxies that require further follow up observations.  The example shown to the right is a case in point.  At first glance this looks a lot like any small mass galaxy that is in the process of a large star formation event that is defined by the prominent line of “knots”.   However, 21-cm measurements made at Arecibo a few years ago showed that this particular object was much farther away (and hence much more massive) than its morphology would indicate.  In fact, the total linear extent of the central object is about twice the diameter of our Galaxy and each of the “knots” is therefore, based on their optical luminosity, about 10% of the mass of our galaxy.  While we will be proposing to observe this PMO discovered object with GALEX to gain more insight – for now we speculate that this object really does represent a galaxy in the process of formation in the nearby Universe.  Indeed, the optical colors of the knots as imaged at PMO reveal them to be extremely blue and an I-band image of this object is practically blank – there seem to be few or no old stars within this galaxy and therefore it may be very young.  If so, the GALEX observations will confirm that important result.
Relevance to NASA goals
In sum, we are engaged in astrophysical research at the Pine Mountain Observatory largely in support of two NASA missions (GALEX and SPITZER) either by imaging potential good candidates galaxies to follow up with GALEX and SPITZER or to provide ground based optical imaging for interesting galaxies detected by these two missions.   In particular, we are interested in identifying and pursuing galaxies that show evidence for a continual process of formation and growth as the result of star formation that can be sustained either through interactions with other galaxies or via infall of material from the Intergalactic Medium (which is supposed to be devoid of material).   These observations are needed to better quantify the rate at which galaxy building may still be occurring.   The large scale XUV phenomena, combined with strange galaxies like the one shown above, may be a strong indication that galaxy formation is still very much continuing today and that our previous notions that galaxies were mostly fully formed long ago, may not be correct.  This overall research is very much related to the issue of galaxy formation or assembly and thus is related to the overall origin of structure in the Universe.  In addition, if significant populations of weakly bound stars can be detected in these systems, then we have another laboratory for studying the motions of objects on extremely low acceleration scales.  As such, these systems may ultimately, pending the construction of new facilities, prove to be useful probes of the behavior of gravity on weak acceleration scales and these environments may be useful in helping to prove/disprove MOND or other alternative theories of the behavior of gravity
Undergraduate Research Programs:
One of the principle advantages for a student to attend a public research university is the potential opportunity for them to become involved in research.  Most students, however, do not realize this opportunity.  The relatively rapid rate at which imaging data can be acquired at PMO does lend itself to a variety of potential research projects.   Among those done by undergraduates to date are: 
· characterization of the PMO CCD system - measurement of photometric zero points and quantum efficiency of the detector

· Construction and analysis of color-magnitude diagrams of large angular size open clusters.

· A determination of the readout noise of the camera under various gain settings.
· Analysis of stellar populations in nearby large angular size galaxies (e.g. M33, NGV 6946, NGC 205) using multi filter imaging.

· Detecting asteroids via I-band short exposure I-band images in the ecliptic plane.

· Crater counts and crater diameter frequency distributions on the surface of the moon (data can be obtained in a 10 millisecond exposure through the U filter)
Interest on the part of undergraduates in these kinds of research opportunities remains high.  

Thus, PMO has the potential to be a valuable research partner to the UO (and other OSGC affiliates) that could enhance the undergraduate research experience. There is clearly educational value in ramping up undergraduate research activity using PMO and the important of undergraduate research as a regular part of the undergraduate experience is becoming increasingly recognized.  Working with astrophysical data sets not only gives a research skill to students but it also teaches students’ very important data management and organizational skills.  To enable this kind of activity, however, requires the ability to access PMO data through the remote data acquisition.  In addition, students need to be trained on how to use various astrophysical data reduction software.  This is best done via a graduate student position with extensive experience with astronomical image processing software and approaches.

Estimates of Student Participation:

We expect the supported project to provide data for 1 PHD thesis and to serve 3-4 undergraduate students interested in doing observational astrophysical research either at the UO or at OSU.
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Key Personnel:
· Greg Bothun:  Observatory director and PI
· Cullen Andrews:  Graduate student expert on astronomical image processing programs and techniques and can serve to assist undergraduate research projects.

· Alan Chambers:   Remote data technician – position is crucial for the acquisition of CCD imaging data and for running scientific programs.

Current/Pending Support:

For the first time in his academic career, the PI currently has no external Federal support (although both NSF and NASA grants are pending).   The PI has approximately 100K aggregated together through various internal University of Oregon Funding sources and grants which are being tapped to currently cover the salary of A. Chambers as well as graduate student support.  That resource can be used to match the funds requested here.
BUDGET:  RESEARCH ACTIVITY
	Item
	Amount Requested
	Institutional Match
	Comments

	
	
	
	

	Allan Chambers 
Remote Data Technician Salary Support
	$24,000
	$24,000
	UO will cost share on Mr. Chambers Salary via O’Connell 
Endowment

	Cullen Andrews

Graduate Student partial support
	$12,000
	$12,000
	Physics Department Cost Share as partial GTF appointment

	Undergraduate Research Stipends
	$4000
	$4000
	Physics Department Cost Share on Undergrad Research

	Publication Costs
	$2000
	$2000
	UO Cost share on peer reviewed research publications

	G. Bothun partial support Summer Salary
	$5000
	$5000
	Matched by Pending NSF grant.

	Total Direct Costs
	$47,000
	$47,000
	

	F&A @26%
	$12,200
	
	Off Campus Rate

	Total Project Budget
	$59,200
	
	


1.1 Resume of G. Bothun

1.2 Education: 

· B.S. Astronomy,    University of Washington, Seattle WA, June 1976 

· Ph.D. Astronomy, University of Washington, Seattle WA, August 1981  

      Thesis Title: A Multiwavelength Investigation of Spiral Galaxies in Clusters of   Galaxies
1.3 Professional Employment 

· Scientific Programmer: The Very Large Array Radio Telescope NRAO 1977 

· The University of Washington, Astronomy Instructor 1980-1981 

· Harvard-Smithsonian Center for Astrophysics, Center Research Fellow 1981--83 

· California Institute of Technology, Bantrell Research Fellow 1983--86 

· The University of Michigan, Assistant Professor in Astronomy (1986--1989) 

· The University of Michigan, Associate Professor in Astronomy (1989--1990) 

· The University of Oregon, Associate Professor in Physics (1990--1995) 

· The University of Oregon, Professor in Physics (1995--present) 

· The University of Oregon, Professor in Environmental Studies (2000—present)

1.4 Other Professional:

· Director, University of Oregon Pine Mountain Observatory (1990 – present)

· Scientific Editor, The Astrophysical Journal (1996---2002)

· National Academy of Sciences Decadal Panel (1997—2000)

· Phi Beta Kappa Visiting Scholar 2000---2001 

1.5 Professional Societies 

· American Astronomical Society 

· Association for Environmental Studies and Sciences

1.6 Professional Experience: 

· 191 Papers in Peer Reviewed Journals (1980-2009)

· Original Member: ISI Highly Cited Researcher in Space Sciences (1980-2000 period) 

· One Graduate Level Textbook: Modern Cosmological Observations and Problems 
· One Undergraduate Textbook: Cosmology: Mankind's Grand Investigation 
· Approximately 25 Popular Articles (Newspapers/Popular Magazines/Professional Blogs)

· Over $3.0 million in grant funding from NASA and NSF since 1986 

· Chair of Numerous NASA Peer Reviews 

· Approximately 2000 nights of Observing since 1980 on most of the major radio and optical telescopes in the world 

· Extensive experience with Space Based instrumentation - including the Hubble Space Telescope 

1.6.1.1 Research Interests: 

· Galaxy formation and evolution 

· Galaxies of Low Surface Brightness 

· Observational Cosmology 

· Applications of Instructional Technology

· Regional Climate Change Indicators

· Sustainable Energy Implementation and Policy

Recent PHD Students:

1. David Sprayberry – University of Arizona - Ph.D. 1994 Cosmological Implications of Low Surface Brightness Galaxies

2. Karen O’Neil - University of Oregon- Ph.D. 1997 Faint Fuzzy Stuff: the Missing Baryons?

3. Charles Beauvais - University of Oregon- Ph.D. 1997 Velocity and Residual Velocity Fields of Spiral Galaxies
4. Erwin de Blok - University of Groningen- Ph.D. 1997 The Properties and Evolution of Low Surface Brightness Galaxies

5. Rachel Gibbons - University of Maryland- Ph.D. 2002 Deviations from the fundamental plane of early-type galaxies and large-scale cluster motions
6. Christy Keeler – University of Oregon (Education) –Ph.D. 2003 Developing and using an Instrument to Describe Instructional Design Elements of High School Online Courses

7. Joe Helmboldt – New Mexico State University – Ph.D. 2005 Star formation at the extreme ends of the Hubble sequence

8. Donald Brown – University of Oregon (Education) Establishing the Validity of Intensive Graphics: The Role of Reading in Large Scale Scientific Assessment
9. Laura Rihiimaki –University of Oregon - Ph.D. 2008 Evaluating Long-Term  Changes and Their Causes in Surface Solar Irradiance in Oregon

10. Elsa Johnson – University of Oregon – Ph.D. – 2010 Properties of Supernova Host Galaxies
11. Cullen Andrews – University of Oregon – Ph.D. -2010 The Size Evolution of Disk Galaxies
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