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SUMMARY 
 
Equipped with a K-band focal plane array, the GBT will become a uniquely powerful 
instrument for science in the critical 18-26 GHz band: 

• It will map out the physical conditions – density, temperature, kinematics and 
turbulence, as well as the chemistry – in infrared dark clouds and protostellar 
clouds, giving insight into their state when they are at the threshold of forming 
new stars; 

• It will map molecules like CCS which serve as `chemical clocks' across star-
forming regions giving the history of physical conditions as clouds collapse; 

• It will search large areas of molecular clouds and discover young stellar objects, 
visible in H2O and methanol masers; 

• It will map the distribution of organic `pre-biotic' molecules and probe the link 
between interstellar chemistry and the chemistry of earth; 

• It will search large areas of nearby molecular clouds looking for chemical 
reservoirs like TMC-1, which can serve as templates for understanding interstellar 
chemistry; 

• It will map the distribution of dense molecular gas in special places like the 
Galactic Center, Ophiuchus, and Taurus – areas which could never be covered 
satisfactorily by a single-pixel instrument; 

• It will search for highly redshifted molecular lines at z > 4 in multiple nearby 
directions, allowing whole clusters of sub-mm galaxies to be studied 
simultaneously; 

• In conjunction with the EVLA, it will map star forming regions in multiple 
species, with the EVLA supplying the high resolution and the GBT supplying the 
short spacings and high sensitivity, thus enhancing the scientific productivity of 
both instruments. 

 
 
BACKGROUND 
 
The advent of focal plane arrays on single dishes has opened up new areas of research, as 
demonstrated most recently with the Parkes 13-beam at L-band, the FCRAO Sequoia 32-
beam at 85-116 GHz, and SCUBA at the JCMT.  A focal plane array for the GBT which 
covers the important 18-26 GHz band will likewise provide new capabilities. 
 



A K-band feed horn array could have many tens of elements in the GBT focal plane with 
no mechanical issues and a gain loss of roughly 10% at the outermost feeds.  The HPBW 
of each pixel would be 30” and the beams would be spaced every ≈3 HPBW.  At this 
frequency the GBT already works well and the array could be put into operation without 
requiring improvements in telescope performance.  This array would be the prototype for 
a series of GBT focal plane arrays at other wavelengths, and could be a technological 
pathfinder useful to SKA development. 
 
A K-band focal plane array would have an immediate impact on GBT science: 

• It will speed up many observations by more than an order of magnitude, thus 
allowing experiments to be done which could never, in practice, be scheduled 
with a single pixel receiver. 

• It will make the most efficient use of the restricted observing time available at low 
declinations, e.g., toward the Galactic Center and inner Galaxy. 

• It will make the most efficient use of good weather conditions at Green Bank. 
• It will allow for more serendipitous discoveries by increasing the area of maps. 
• It will improve the calibration of maps as the atmospheric conditions will be 

similar across the field at any instant. 
 
Nearly 450 hours were requested for K-band mapping projects in the last full trimester 
call for GBT proposals; most could not be scheduled, but with the proposed receiver they 
could all be scheduled. 
 
 
TARGET MOLECULAR SPECIES 
 
Several important spectral lines fall within the 18-26 GHz band, including NH3, H2O, 
methanol (CH3OH) and CCS. 
 
NH3 (23.7 GHz) is an ideal molecule for tracing dense regions and for deriving physical 
properties in cool gas.  Nitrogen-bearing molecules are quite resilient tracers of dense 
cold gas, and from the multiple NH3 inversion lines its rotational temperature can be 
derived and used to determine the kinematic temperature, density distribution, mass, 
kinematics and turbulence of a molecular cloud.  It is often a much better tracer of 
physical conditions than CO and its isotopes, which suffer from opacity effects and 
potential freeze-out which can be difficult to estimate (Tafalla et al. 2002, ApJ, 569, 
815).  Using information in the NH3 satellite lines, maps can be created of both 
temperature and density in a cloud. 
 
CCS (22.3 GHz) also traces high density gas, but because it is chemically “young”, i.e. it 
is most abundant before atomic carbon becomes locked-up in CO, it can be used as a 
chemical clock when observed with NH3: the higher the ratio of CCS to NH3 the younger, 
less chemically evolved is the region.  Moreover, within a given cloud the NH3 and CCS 
lines often have widths considerably different from the expected values, showing that 
they are independent indicators of dynamical processes within the cloud. 
 



H2O Water maser emission (22.2 GHz) is associated with the early stages of star 
formation. It originates in shocks and traces molecular outflows (Menten 1997, IAU 
Symp 178, 163). 
 
CH3OH Methanol masers (25.0 GHz) also trace outflows, perhaps at an even earlier 
stage in the formation of high-mass stars than H2O does, and may be easier to interpret, 
as these masers are found exclusively towards star formation regions (Ellingsen, S.P. 
2005, MNRAS, 359, 1498). 
 
Other molecules in this band include OCS (24.3 GHz) which is related to shock 
chemistry, HC3N (18.1 GHz), C3S (23.1 GHz), HC5N (23.9 GHz), and deuterated species 
such as DC3N (25.3 GHz) which can become effective tracers of the chemo-dynamical 
history of clouds.  The observed chemical structure of a cloud gives unique information 
on the history of its physical conditions.  Zeeman studies with C4H (19.1 GHz) may track 
the magnetic field in clouds. (Note: issues with beam squint and intensity gradients may 
make it necessary to stay on-axis for best reduction of systematic effects.) 
 
 
SELECTED EXPERIMENTS 
 
Samples of the science that would be enabled by an instrument like this include: 
 
INFRARED DARK CLOUDS: Infrared dark clouds (IRDCs) are seen in silhouette against 
the 8-micron Galactic plane background and are cold and dense. They are probably the 
precursors of stellar clusters.  Some have structures which are likely pre-stellar cores in 
the earliest phase of stellar evolution. Many thousands have been detected and cataloged 
in the infrared (Simon et al. 2006, ApJ, 639, 227). Their typical angular size is 1-5 
arcmin.  A typical IRDC in a sample of 313 objects with well-defined distances (Simon et 
al. 2006, ApJ, 653, 1325) has an angular size > 3.5' and is well matched to the proposed 
array. 
 
Maps of IRDCs in molecular tracers with a K-band array can determine the temperature, 
density, and large-scale kinematics in these important clouds. H2O and methanol masers 
can mark the location of protostars.  There are already a number of GBT proposals to do 
this research and the number is likely to grow in the future.  The majority of the IRDCs 
are in the inner Galaxy and can be observed only for a limited time each day.  This 
research would be given an order-of-magnitude kick with a K-band focal plane array on 
the GBT. 
 
STARLESS CORES: Dense molecular cores are the link between protostars and the more 
diffuse material in molecular clouds.  Starless cores define the fundamental starting point 
of stellar evolution. Their study can reveal the conditions necessary for the final collapse 
of a molecular cloud, and may help us understand how stars form in clusters. There is no 
single type of observation that gives all of the important physical characteristics of a 
dense core, but with measurements of molecules such as NH3 and CCS, the density and 
temperature in the cores can be determined as well as the proportion of thermal and 



turbulent motions.  There are many nearby starless cores whose angular sizes are many 
arcminutes, ideal for study with a K-band array on the GBT. 
 
YOUNG STELLAR OBJECTS: Class 0 and Class I objects in the early stages of stellar 
evolution can be studied in NH3 transitions to map the dense, cold gas and the kinetic 
temperature across clouds in which they are embedded.  From the linewidths, the degree 
of turbulence can be established.  These objects often create a molecular jet, which can be 
detected by its kinematic signature and mapped with the GBT. 
 
CHEMISTRY: The GBT has led a renaissance in studies of interstellar organic molecules; 
seven new ones were detected in 2006 alone.  Mapping is a critical aspect of modern 
studies of interstellar chemistry.  Many of the more complex and more interesting organic 
“pre-biotic” molecules are now known to be in extended regions whose line emission is 
quite weak.  They thus require filled apertures like the GBT for their study, but the long 
integration times needed for a secure detection precludes mapping their distribution.  
Also, there are now detailed time-dependent chemical models of molecular clouds which 
make specific predictions about the abundance of particular species with position within a 
cloud as it evolves.  Maps in multiple species are necessary to test the chemical formation 
models, which at this date are still quite incomplete. 
 
HIGHLY REDSHIFTED MOLECULAR LINES: The CO(1-0) transition at a redshift z of 
3.4-5.4 lies at K-band.  Detection of this emission gives information on the molecular 
reservoir of galaxies during the era of peak star formation. These lines are weak and 
require long integration times.  In some cases there are clusters containing galaxies at a 
similar redshift, many of which might be observed simultaneously with a focal plane 
array. 
 
THE GALACTIC CENTER: The Galactic center is a rich environment for studies of 
everything from conditions around a black hole, to the dynamics of gas in a bar, to 
astrochemistry.  The region of interest extends over several square degrees within which 
there are large variations in molecular abundances and chemical complexity.  The gas 
dynamics and molecular chemistry seem to be coupled, implicating shocks.  Because of 
the extraordinarily large area and weakness of many of the lines, the Galactic center area 
remains relatively unexplored.  Progress will be possible in K-band tracers only with a 
focal plane array on the GBT. 
 
MOLECULAR CLOUDS: Within a few hundred pc of the sun there are about a dozen 
large complexes of molecular clouds in various stages of star formation.  They cover 
about 1000 square degrees with a visual extinction > 1, and include Orion, Taurus, and 
Ophiuchus (see e.g. Figure 1). Their proximity to the Sun allows them to be studied in 
detail for information about the formation and dynamics of molecular clouds, their 
relationship to other interstellar constituents, the influence of local conditions on star 
formation, and so on.  The Taurus cloud contains a molecular reservoirs spot which is of 
profound importance to astrochemistry.  There may be other similar but as yet 
undiscovered hot spots with a different chemical history which would eventually prove as 
important to studies of organic molecules.  With a focal plane array capable of mapping 



large areas in a reasonable time on the GBT, we might hope to begin a molecular 
inventory of the nearby clouds and understand what is fundamental in their similarities or 
differences.  As with other molecular clouds, observations of tracers like NH3 and CCS 
will provide the temperature and kinematics of the gas as well as its chemical history. 
 
 
OTHER BENEFITS OF A GBT K-BAND ARRAY 
 
ENHANCED PRODUCTIVITY OF THE EVLA: We are now receiving a number of 
proposals to map molecular clouds in conjunction with the VLA.  The GBT provides the 
overall context for the higher resolution data and in very many cases is critical for 
accounting for all of the line flux.  While VLA observations are necessary to resolve fine 
structure in molecular clouds, these objects are so large that most molecular emission is 
resolved out by the interferometer (Devine, et al. 2006, IAU Symp 237, 102).  There are 
examples where 90% of the molecular emission is simply not detected by the VLA (de 
Gregorio-Monsalvo et al. 2005, ApJ, 628, 789). Indeed, even the kinetic temperature 
profile of small clouds cannot be derived correctly without short spacing data (Crapsi et 
al. 2007). 
 
The GBT is also much more sensitive to low surface-brightness emission than an 
interferometer, and can detect faint extended emission.  At K-band the VLA begins to 
resolve out structure on angular scales 2"-60" depending on the configuration, while its 
primary beam is 2'.  Use of the GBT with its 30" beam to supply short spacing data 
implies mapping, which is facilitated by a focal plane array.  A K-band array on the GBT 
will thus enhance the scientific productivity of both it and the EVLA. 
 
 
COMPARISON WITH OTHER FACILITIES 

This is a comparison of the GBT with other telescopes capable of K-band observations. 
All the data comes from the web pages of the telescope in question and applies to current 
capabilities. In most cases, T(sys) should be for typical weather conditions, but may be 
low for observations at the 22 GHz water line. Most telescopes have claimed typical 
winter opacities of 0.05 across the band. The median opacities for the GBT are 0.05 at 18 
GHz, 0.2 at 22 GHz, and about 0.1 at 26 GHz. Where a range of T(sys) values are given, 
T/G is calculated for the average value.  

Telescope  Frequency T(sys) Gain 
(K/Jy) 

Beam 
Size  

T(sys)/Gain 
(Jy)  

Relative 
T/G  Notes  

Single Dish         

GBT 100m  18-26.5 
GHz  

30-40 
K  1.5  33"  23  1.0     

Effelsberg 
100m  17.9-26.24 68-80 0.84  40"  88  3.8     

Tidbinbilla 
70m  19.9-24.21 40-80 0.75  48"  80  3.5  only 3x600 MHz 

blocks available, 



limited astronomy 
time available  

Sardinia 64m  18-26.5  81  0.654 78"  124  5.4  

7-beam 
multibeam, 
scheduled 
completion date: 
Dec. 2008  

Parkes 64m  21-24  140  0.17  78"  823  36  only 45m usable  
Haystack 37m  20-25  120  0.15  72"  800  35     
Mopra 23m  16-25  45  0.07  120"  643  28     
Interferometers        
(E)VLA 
27x25m  18-26.5  50-80 1.9  0.1"-

3"  34  1.5  2' FOV  

ATCA 6x23m  16-25  35  0.39  0.5"-
36"  90  3.9  2' FOV  

The point source signal-to-noise ratio delivered by a telescope is proportional to 
(T/G)2

*exp(tau). Since the opacities are generally low (< 0.2), T(sys) underestimates the 
effective T(sys) by less than 20%. For point source observations, the GBT is 16 times 
faster than other single dish telescopes and twice as fast as the EVLA for median 
conditions.  
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Figure 1: Map of NH3 (1,1) integrated line intensity (color scale) across the Ophiuchus B 
star- forming complex in L1688 by Friesen et al. (2007, in preparation), obtained with the 
current GBT K-band receiver system.  Contours show levels of associated 850 micron 
thermal continuum emission from dust.  The letters denote the cores associated with the 
respective examples of NH3 (1,1) spectra shown at right; the spectra were obtained at 
positions of maximum integrated line intensity.   This map needed 31.5 hours of GBT 
time, over 8-10 observing blocks, using one channel in the current K-band system.  A 10-
pixel K-band array could observe a similar 8' x 8' field in only ~4 hours assuming K-band 
receiver performance similar to the present and single-pixel coverage per sky position.  
(An increase in efficiency would occur with OTF mapping.) Given that different parts of 
the core were observed during different nights, sensitivities vary by a factor of ~1.5 
across the map.  A 10-pixel K-band array could observe this region to the same 
sensitivity in one transit, reducing sensitivity variations across the map from very 
different weather conditions.  A 61-pixel K-band array, however, would cover roughly a 
10' x 10' region in one footprint, slightly larger than the region shown.  Such an array 
would reduce the observing time to reach the same sensitivity over this region to ~1.1 
hours, again assuming similar K-band receiver performance and single-pixel coverage 
per sky position. Note that the L1688 complex of cores is larger than the map shown by a 
factor of ~20, and could only be observed to the same sensitivity with the current 
instrumentation in > 600 hours. 



 


