Cume 365, R. Walterbos

This cume is based on the paper "HI Asymmetries in the Isolated Galaxy CIG 292", published in the
2011 ApJ letters, 739, L.27, by Portas etal. Use of calculators is allowed for direct calculations, not for
re-calling formulae. A sheet with physical constants is attached.

Anticipated passing grade: 70%. All (sub) questions are 5 pts each. Maximum score is 60 pis.

1a. The paper refers to a previous single dish HI observation of this object with the 43 m Green Bank
single dish telescope. It cites this telescope as having a beam of 20'. Show this.

+le Jalaxy i
b. Given the beam size, how could a si}/gle dish observation be used, as it was apparently, to infer that
the galaxy is asymmetric, given that its HI angular extent is only 7' or so (Figure 2)? What asymmetry
is measured exactly, and how does this refer to the galaxy's spatial structure?

2. In sections 2 and 3, the authors discuss some details of the EVLA observations.

a. Table 1 lists a quantity called the "primary beam". What is that (not the number, but in words)?

b. Show that the channel spacing of 15.625 kHz corresponds to 3.32 kmys.
] c. "Continuum subtraction was performed using 10 channels on either side of the velocity range
520@3"2 covered by the target that were found to be free from line emission.” Why is this step necessary? What

could this continuum emission be that they are talking about?

d. What is meant with "The cube was cleaned down to a flux threshold of..." What is CLEAN? Why is
it necessary?

e. The last line in Table 1 expresses the rms noise as 1.25 mJy/beam. It then expresses this noise in
terms of a temperature (Ts) in Kelvin. What do we call this temperature? Show how you would convert
a unit of mJy/beam to Kelvin.

f. On page 3: "....the interferometers possibly missed a small fraction of the low-level, extended
emission". Why would this happen with interferometric observations?
3a. What is an "SA(s)b" galaxy? (Get at least 3 of the 4 letters right for full credit)

b. Consider Figure 4 and the discussion in the paper related to that. What is a "warped disk"? What
would Figure 4a look like if the disk were not warped? (Sketch it).

c. The paper discusses possible origins of the HI asymimetry, and introduces a concept of HI relaxation
time, for which they cite a value of 10° yrs. Why would a disk that is asymmetric in HI and in isolation
possibly reduce its asymmetry on this time scale?

- d. Show that interactions with possible companions (see section 1, page 2) would indeed be on longer
-~ time scales.
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ABSTRACT

We present Expanded Very Large Array (EVLA) D-array observations of the 21 cm line of neutral hydrogen (H )
of CIG 292, an isolated SA(s)b galaxy at a distance of ~24.3 Mpc. From previous H single dish observations the
galaxy was known to have a mildly asymmetric Hr profile (Ag,, = 1.23 2 0.3). Our EVLA observations show there is
~12% more H1 projected south of the optical center (approaching velocities) than in the north (receding velocities),
despite the H1 extending ~16% further to the north than the south. The H1 projected within the opticat disk must

have been perturbed within the H1 relaxation time (~10% yr) which implies that this cannot have been caused by

any of the three nearest companions, as their distance (~0.5 Mpc) is too large. Neither H i-rich companions nor
tida] tails were found within our field of view and velocity range covered. Our kinematical data suggest that the
inner part harbors an oval distortion whereas the outer regions show signs of a modest warp. The mild asymmetry
in the Hr global profile thus actually masks stronger asymmetries in the two-dimensional distributions of gas and
star-forming regions in this galaxy. Since the galaxy is isolated, this must predominantly be due to processes related

to its formation and secular evolution.

Key words; galaxies: individual (NGC 2712=CIG 292=UGC4708) - g'alaxies: kinematics and dynamics ~

galaxies: spiral — palaxies: structure
Online-only material: color figure

1. INTRODUCTION

Galaxy evolution and the resulting z = 0 properties of
galaxies depend on the environment they find themselves in.
In order to quantify the effect of environment (“nurture™) on
their morphelogy, structure, nuclear activity, star formation
properties, etc., one needs a well-defined sample of galaxies that
are minimaily perturbed by other galaxies to provide a baseline
of what are thought to be unperturbed (or pure “nature™) objects.
The AMIGA (Analysis of the IntersteHar Medium of Isolated
GAlaxies; Verdes-Montenegro et al. 2005; htip://amiga.jaa.es)
project provides a statistically significant sample of the most
isolated galaxies. It is a refinement of the original Catalogue
of Isolated Galaxies (CIG; Karachentseva 1973). Galaxies in
the AMIGA sample have not been involved in a major tidal
imteraction within the last ~3 Gyr (Verdes-Montenegro et al.
2005). Quantification of the strength of tidal interactions with
neighboring minor companions and the local number density is
available for all galaxies in the AMIGA sample (Verley et al.
2007a, 2007b). The AMIGA project has clearly established that
the most isolated galaxies have different physical properties,
even compared to what are generally considered field samples,
in terms of their morphology (asymmetry, concentration), Ly,
the radio—FIR correlation, rate of active galactic nuclei, or
. H1 asymmetry (Verdes-Montenegro et al. 2010 and references
" therein).

Despite having much lower rates of H1and optical asymmetry
than galaxies in denser environments (Durbala et al. 2008;
Espada et al. 2011a), some galaxics in the AMIGA sample

show appreciable asymmetry. Espada et al. (2011a) studied
the H1 profiles of a sample of 166 AMIGA: galaxies using an
Hr1 asymmetry parameter Agy, defined-as-the-ratio-between-the
edin aching side; . They
found the distribution of this parameter to be well described
by the right half of a Gaussian distribution, with only 2% of
the sample having an asymmetry parameter in excess of 3¢
(Aagux > 1.39, meaning a 39% excess of flux in one-half of the
spectrnumn). They did not find any correlation between the Hi
asymmetry parameter and minor companions, measured both
as the tidal force (one-oh-one interactions) and in terms of the
number density of neighboring galaxies. In contrast, field galaxy
samples deviate from a Gaussian distribution and have higher
(10%—20%) rates of asymmetry (Espada'et al. 2011a).

To investigate the causes of asymmetry in the absence of
major interactions we are camrying out resolved Hi studies
of a sample of AMIGA galaxies with the Expanded Very
Large Array (EVLA), covering a representative range of H1
asymmetry parameters (Agax = 1.05 to 1.25). For example,
Espada et al. (2005) presented H1 VLA D-configuration results
of the asymmetric galaxy CIG 96, with Espada et al. (2011b)
giving results of further C-array observations of this galaxy.
CIG 96 has a large and asymmetric H1 envelope (Ry,/Rzs =
3.5), which partly coincides with faint UV emission with a more
regular distribution. The kinematics of this H1 envelope shows
an area of non-circular motions, which could not be attributed
to a major interaction.

Here we present the results of EVLA H 1 mapping of CIG 292

- (NGC 2712) which has an Agy = 1.23 £ 0.30, and can be
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congidered as intermediate between symmeitric and asymmetric
objects such as CIG 96. _

We ascertained once more that CIG 292 is an isolated
galaxy. Despite it being listed as part of a group (Tully et al.
2008; Makarov & Karachentsev 2011), only three potential
companions have similar recession velocities to CIG 292 but
their projected distances are large (58', 62/, and 67, thus all of
order 0.5 Mpc). CIG 292 turns out to be-isolated according to
the:criteria used by Karachentseva (1973), with local number
density and tidal strength characteristics falling within the limits
of the bona fide AMIGA sample (; = 1.668, Q. = —3.106;
Verley et al. 2007b). No Hrrich (dwarf) companions were
detected within the 32’ region mapped by the EVLA primary
beam either. Any current tidal effect is therefore negligible and
any past interaction would have been at least 3 Gyr ago.

The neutral hydrogen component of CIG 292 has previously
been observed. with the Westerbork Synthesis Radio Telescope
(WSRT) by Krumm & Shane (1982), and with single dish
telescopes by Huchtmeier & Richter (1985) and Springob
et al. (2005). CIG 292 is particularly interesting since the H1
disk is significantly more extended than the optical one (sce
Section 3.1), and faint optical emission is found at large radius
as well (Koopmann & Kenney 2006).

Section 2 gives details of the observations, with the results in
Section 3 and discussion and concluding remarks in Section 4.
We calculate the distance fo the galaxy, based on the observed
recession velocity and corrected for Virgo-flow, to be 23.4 Mpc
which implies an angular scale where 1’ corresponds to ~7 kpe.

2. H1 OBSERVATIONS

Observations of CIG 292 were obtained using 26 antennas
of the NRAO® EVLA in D-configuration on 2010 April 25
(Project ID: AE175). The prim ibrato (assumed
flux density of 22.5 Jy) was observed at the beginning of the
run; it was also used as bandpass calibrator. Interspersed with the
source, the secondary calibrator J0834+5534 (with a derived flux
density of 8.800.017 Jy) was observed. In total 3.2 hr were
spent on source with both polarizations recorded. CIG 292 was
observed across a spectral bandwidth of 4 MHz (corresponding
to ~800 km s™!), centered at a frequency of [411.65 MHz, ata
frequency resolution of 15.625 kHz (3.32 km s7*). In Table 1,
we provide some general properties of the galaxy, as well as the
principal parameters of the observational setup.

The data were correlated using the new EVLA WIDAR
correlator, and the data reduction was performed using CASA
(Common Astronomy Software Applications) version 3.02. For
guidance we followed the spectral line tutorials available online
at the CASA Web site.® The data reduction was carried out on
one of the nodes of the cluster of the Centre for Astrophysics
Research at the University of Hertfordshire.

The EVLA observations were carried out at night, avoiding
any possible issues related to solar interference. Antenna posi-
tion corrections were applied to antennas 12 and 22. We edited
(flagged) the data based on the average of the inner 150 channels
(from the 256 available). We also decided to omit all data from
antennas 9, 14, 17, and 23 at this stage as their L-band receivers
had not been upgraded and their visibilities presented values
one order of magnitude lower than average.

®  The Nationa] Radio Astronomy Observatory is a facility of the National
Science Foundation, operated under cooperative agreement by Associated
Universities, Inc. ¢ §
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. Tablel
General Properties and Observational Setup for CIG 292

Parameter Value
Object - CIG292

o (J2000) ghsomages3

8§ (32000)* 44°34'5175
‘Morphologica! type® SA(s)b

Optical incliniation® 58°

log Ls® WU 9.77log Lg

Instrument : EVLA

Observing date 2010 Apr 25

Configuration D-array

Project [D AE175

Primary calibrator 3C147

Secondary calibrator J0834+5534

Central velocity 1842 km s~}

FWHM of ptimary beam 32

Total bandwidth - 4,0 MHz
_ Number of channels 256

Channel spacing - " 15.625kHz(3.32km s~ )

FWHM of synthesized beam 46" % 42"

Time on source 32br

rms noise 1.25 mly beam~! (0.4 K Tg)

Notes.

" eon & Verdeé-Moni’enegro (2003).
b Durbala et al. (2008).
¢ D. Espada et al. (2011, private communication).

Calibration of the spectral line data was performed by first ™"~
solving for phase comections to the 3C147 scan followed ‘\',\r‘\"’

by deriving the bandpass complex gains on this calibrator.
Amplitude and phase solutions for the flux calibrator and
phase catibrator (J08344-5534) were derived from the average of
channels 50 to 200 (i.e., on a quasi-continuum data set). After
first inspection, a further iteration of flagging and calibration
was applied, including flagging of bad visibilities related to the
target. Continuum subtraction was performed using 10 channels
on either side of the velocity range covered by the target that
were found to be free from line emission.

Imaging of CIG 292 was performed using CASA’s standard
cleaning algorithm. We produced a cube using the Briggs robust
weighting scheme (Briggs 1995) where we found robust = 0.5
to be a good compromise between spatial resolution (which
results in a beam size of 46" x 42) and sensitivity. The cube
was cleaned down to a flux threshold of 3o (3.75 mJy beam™!).

The cube was subsequently transferred into AIPS (version
31DEC11) in order to restore the velocity information to the
header since observations were taken at a fixed frequency. We
fixed the center of the band at a velocity of 1842 km s™1, We
separated genuine emission from noise following the conditional
blanking method employed by Walter et al. (2008). A data
cube convolved to 75" resolution was used to mask regions of
emission that were above 2o rms noise over three consecutive
velocity channels. As a:final step, the zero- and first-order
moment maps (total surface brightness and velocity field) were
created using AIPS task XMOM. Both the data cube and the
moment 0 map were corrected for primary beam attenuation.

3. EVL.A HIRESULTS
31 Hi Iﬁtegrated Map and Spectra

We present in Figure 1 the EVLA H1 integrated spectrum
for CIG 292 and that of the singlé @ish profile obtained by




THE ASTROPHYSICAL JOURNAL LETTERS, 739:1.27 {6pp), 2011 September 20 PORTAS ET AL.

150 TR TITTT - 0 fT eprree
120 3 K . . E 120 :: mirror ]

. -l !
Sl F %0 b
: ! ]
E 60 E, B0 i .

3 x i

ol v . 03 d
-30 LU I L ]
30 i . ] 80F o ]
38 3 ; a0F ' 3

-60f : 3 O N ¥ I'M"v
1500 16001700 1800 1900 2000 - . 15001600 1700 1800 1900 2000
| Velocity (km/s) L ' © - Velocity (km/s) .

Figure 1. Left pavel: integrated H1 spectrum of CIG 202 derived from the EVLA. data (solid line). Emission is detected in the velocity range 1650 km s~! w0
1950 km s~'. The dashed dotted line represents the 43-m Green Bank single dish H1 profile retrieved from Springob et al. (2005). Right panel: integrated EVLA H1
spectrum of CIG 292 where the approaching portion of the spectrum has béén flipped arcund V = 1818 km s (ventical line) and overplotted (dash-dotted line) for
comparison with the receding portion of the spectrum. The lower panels show. the difference, between each pair of spectra.
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Figure 2, Hi contours of CIG 292 on an SDSS r-band imagg:. Contours are drawn at 0.5, 1.0, 1.2, 3.7, 6.2, 7.6, 8.5, 9.5,10.0, 10.6,11.4, and 12.1 x 10?° atcm~2. The
beam size is shown in the bottom left corner of the image.
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Springob et al. (2005) vsing the 43 m Green Bank (formerly the emission in individual channels is most compact. It is
known as"140 ft) radio telescope with a beam of 2(Y. We also’ in the central velocity channels (between 1700 km s~! and
present in the same figure the difference between both spectra. 1900 km s™') of the galaxy where the H1 is possibly. more
We measured an integrated EVLA flux of 19.0 Jykm s~! which extended since on average we underestimate the single dish flux
translates to an H1 mass of 2.5 x10° Mg assuming optically by some 20%.

thin emission. This value is in good agreement with previous We also present in Figure 1, a folded profile determined down.
interferometric observations of this object performed with the to 20% of the peak.level, by flipping the emission around a

WSRT (Krumm & Shane 1982) 0f 20.1 Fy kms™! (2.6 x 10° M) velocity of 1818 km s™!. This shows that most of the asymmetry
and the flux retrieved by Springob et al. (2005) obtained with the is coming from the ‘highest velocities in the profile, in the
- 43 m telescope of 22.26 Jy km s™, the interferometers possibly 1950 km s~ to 2000 km s~' range, corresponding to the

missed a small fraction of low-level, exténded emission. In northern side of the galaxy. .
that context it is interesting to note where the main differences In Figure 2 we show the H1 column density map of CIG 292
between Green Bank and EVLA spectra ori ginate (see Figure 1). as contours overlaid on the SDSS r-band image. The galaxy has
~+»We recover most of the flux in the regions of the peaks where an extended H 1 disk.with a diameter of ~46 kpc (6/5) measured
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Figure 3, Optical SDSS urg composite of CIG 292 with overlaid H1 contouss. The contours are presented as white solid lines and correspond to levels of 1.2,3.7, 6.2,
7.6,8.5,9.5, 10.0, 10.6, 11.4, and 12.1 % 10°° at cm~2. The optical center of the galaxy is indicated with a red star and the beam is shown in the bottom left of the image.

(A color version of this figure is available in the online joumnal.)

at a column density of 5 x 10" at cm~2. The new EVLA data
are vastly superior to the Krumm & Shane (1982} maps, the
total H 1 surface brightness map going deeper by an order of

magnitude, and the velocity resolution being better by about a

factor of five. The specific benefits of the EVLA over the VLA
for this kind of work is, of course, the availability of the vastly
superior WIDAR correlator which offers a wide instantanecus
velocity range which opens up the possibility to search for
companions within a large volume around a target while
maintaining high velocity resolution to study any object thus
detected. )
. Down to the noise level of 3.5 x 10'® at cm =2 (a 3o detection
across five channels or 16.5 km s~ which comresponds to the
typical line width of H1 at a velocity dispersion of 7 km s™"),
the gataxy measures 3/6 (25 kpc) to the south and 473 (30 kpe)
to the north, making it lopsided. The extended nature of the
H1 structure in the north can be traced across 10 consecutive
individual velocity channels (~32 km s~1), indicating that it is
part of the galaxy. The Ros-to-Ry, ratio is ~2.2 assuming an
Rss of 1/5 (LEDA) and our Ry, of 3/25 measured at 5 x 10'?
at cm~2. This falls within the typical range of optical to H1
extent from the study by Broeils & Rhee (1997) of 1.7 £ 0.5.
At the current Hi resolution, no details such as spiral arms or
evidence for a-bar can be discerned in our H 1 data. Because up to
20% of the total flux is missing in some of the channel maps due
to the lack of short-spacings, which mainly affécts the extended
structure, our Ry, and Ry ,-to-Ras ratio are lower limits. Forthe

same reason the H1 mass-to-luminosity ratio presented in the
following section is a lower limit.
The inner disk of the galaxy is shown in more detail in

-Figure 3, where we zoom in on the central region of the galaxy,

overlaying H1 contours on an SDSS u, g, and r composite
image. Figure 3 shows that the column density peak is offset by
40" (4.6 kpc) in projection to the SW of the optical center
_(marked with a star in the figure), with the higher density
contours forming an arc-like structure along the westen side
of the galaxy.

3.2. Kinematics

We present in Figure 4 the velocity field of CIG 292. The
galaxy shows regular rotation throughout most of its disk. The
isovelocity contours at the outskirts (beyond 2!5) are however
twisted, symptomatic of a warped disk. Initially the twist is point
symmetric and clockwise, but in the far north (beyond 376 or
25 kpc) the position angle (P.A) twists back, counterclockwise.

A position—velocity (PV) diagram along the major axis of
the galaxy (P.A. = —5°) is shown in Figure 4 (bottom panel).
We trace the southern side here out to ~3!6 and the northern
side to ~4'3. The PV diagram shows steeply rising rotation,

unresolved by the beam, within the inner part (up to ~1" in - -
diameter) followed by flat rotation out to the last measured’

point on either side. Marquez et al. (2004) using optical long-
slit spectroscopy confirm the steep tise in the gas component,
the peak velocity being reached within 10” (1.2 kpc).
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Figure 4, Top panel: 'velocity field of CIG 292 with velocity contours superimposed. Velocity contours range from 1670 km s™! (southem half) to 1950 km s~!
{notthern half) in steps of 20.km s~!. We only label every other contour. Bottom panel: position—velocity diagram along the major axis taken at a P.A. of —5°, Contours

are at a level of 0.25, 0.4, 1.4, 2.4, 3.4, and 4.4 miy beam™},

Assuming circular rotation and the inclination of 58° from
LEDA, we can use our data to find a dynamical mass for
CIG 292. At the last point of the rotation curve at 30.1 kpc
(measured at a column density of 3.5 x 10" at cm™2) we
measure an indicative rotation velocity of 120 km s! or an
intrinsic velocity of 140 km s~1. Using My, = 0.76RV2/G
gives a dynamical mass of 1.1 x 10" Mg. This implies an
M/Lg = 18.9. We find an My/Ly = 0.4. This makes it
underluminous for its Hubble type (Roberts & Haynes 1994).
Further data at higher angular resolution are needed to provide
a detailed mass model.

4. DISCUSSION AND CONCLUDING REMARKS

The H1 results show that CIG 292 has an asymmetric Hi
distribution, extending farther north than south, with a twist in
the outer parts suggestive of a slightly warped atomic gas disk.
Even so, the H1 extension is at the side where there is the least
H1 in the integrated profile. Thus, the asymmetry in the Hi
global profile is partly masking a stronger asymmetry in the

two-dimensional distribution, as already suggested by Espada
et al. (2011a).

A closer look at the available optical images in NED shows a
system of faint optical arms (Koopmann & Kenney 2006). Using
ellipse fitting, the P.A. at those radii is about —3°, in reasonable
agreement with the P.A. of the major axis indicated by the
kinematics, which is about —6° between 2.5 and 4.0 arcmin
radius. The more central parts of the galaxy have a PA, of
about +5°, which indicates that the galaxy there has an oval
shape, consistent with the fact that the kinematical major

- and minor axes at those radii are not perpendicular (Bosma

1978). Moreover, this oval is seen as an enhancement above
the underlying exponential disk (a “Jens” component) in the
radial luminosity profile presented in Erwin et al. (2008). Such
a feature is rather common in early-type spiral galaxies (eg,
Kormendy 1979).

Inspection of available Galaxy Evolution Explorer images,
Ha images, and the 8 jom image from the Spitzer archive shows
that this bright inner region is copiously forming stars, and has
asymmetries in the distribution of star-forming regions. This.
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coincides with the asymmetry in the inner H1 distribution as
noted in Figure 3. These asymmetric distributions within the
optical radius must have been perturbed within the relaxation
timescale for the high-density gas, i.e., of the order of 10% yr
(Boselli et al. 1994). This short relaxation timescale seems to

preclude an interaction with any of the three nearest companions

as the source of the high-density H1 asymmetry.

We can exclude as well an encounter with a companion with a

large pericenter distance since this would necessitate a massive
companion which is simply not there. Alternatively, the:large-
scale asymmetry may be due to an interaction with a small
companion which in the meantime has merged, or to ongomg
cold accretion {e.g., Bournaud et al. 2003).

In conclusion, cur new EVLA data on this galaxy have

revealed that the mild asymmetry in the Hi global profile
actually hides stronger asymumetries in the two-dimensional
distributions of gas and of the star-forming regions in this galaxy.
QOur data indicate that the central bright parts of the optical disk
form an oval distortion, with a P.A. that is different from that of
the faint optical disk and the bulk of the H1 disk. In the northern
part there is an extension, which is not necessarily in the same
plane as the outer disk.

As for the causes of such asymmetries in isolated galaxies,
the oval distortion comes naturaily from a bar instability in the
disk (e.g., Athanassoula 2010). The asymmetry in the neutral
gas distribution could be related to ongoing accretion of the
neutral gas from the cosmic web at angles forcing the outer H1
disk to be warped w.r.t. the optical disk (e.g., Hang & Binney
1999). Alternatively, it could be due to an m = 1 instability.
Data at higher angular resolution will be necessary to study the
kinematics of the inner bright regions, in order to discern the
dynamical causes of the asymmetries,
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Cume 365, suggested solutions.
1a. This asks for the usual formula for the beam (PSF) of a telescope, 1.2 lambda/Diameter.

1b. The beam of the single dish indeed more than covers the entire galaxy, but the asymmetry can be
inferred from the spectrum. A galaxy disk will have one side approaching us, the other side receding.
thus, the difference in the HI spectrum between the blue- and red-shifted (with respect to the systemic
velocity) halves of the spectrum can show an asymmetry in HI content between the two galaxy halves.

2a. The primary beam refers to the beam size of a single dish in the interferometer array. This
determines the field of view for the interferometer. This is to be distinguished from the "synthesized
beam” which refers to the actual beam ("PSF™) of the interferometer.

2b. Simply equate (delta_freq)/freq. to (delta_v)/(speed of light).
Here delta_freq is the spectral resolution stated (15.625 kHz), and freq=1420 MHz.

2c. The telescope does not only collect the 21-cm line emission, but any continuum emission that falls
in the bandpass. This continuum emission varies only slowly across the narrow total bandwidth, and
contributes roughly equal to all individual velocity channels, It needs to be removed from the line
emission to estimate the true HI signal. The "line-free channels” are identified by inspecting the HI data
cube for channels that no longer have HI emission, which is likely to occur at the two velocity extremes
of the band-pass.

The sources of the continuum emission include synchrotron and bremsstrahlung emission from
background radio sources and the galaxy itself.

2d. An interferometer only covers part of the baseline range that a single dish (of the size of the largest
spacing between interferometer dishes) would cover. There are many gaps in the baseline space. The
consequence of the gaps is that the "synthesized beam™ of the interferometer has various side lobes, and
a negative bow] at large angular scales caused by missing the shorted spacings in the baseline plane.

The synthesized beam of an interferometer is the theoretical response to a point source at the center of
the field. The synthesized beam is used to CLEAN the map, using the following steps:

1. Identify the location of the highest peak in the map.

2. Multiply the synthesized beam, which has peak 1, with a scale factor that is equal to a fraction of the
peak flux value found in step 1.

3. Subtract from each pixel in the map the scaled synthesized beam, shifted to the position of that
highest peak.

4. Save the delta-function which describes this one "clean component™ at the relevant ﬁap location.
5. Repeat steps 1 through 4 till reaching the noise level.

6. Convolve the map of the saved delta-functions with a "clean beam" (usually the central part of the
synthesized beam).



7. Add the residual noise map from step 5 to the output of step 6. This is the final map of the
interferometer. Ideally, this process corrects all the artifacts introduced by the missing baselines.

2Ze. The temperature asked for is the Brightness temperature. It is the temperature a black body would
have at the frequency in question to match the observed intensity at that frequency.

mJy/beam is a unit of surface brightness, or intensity, as is brightness temperature.

The two can be related to each other:

In radio regime, the Planck function is always in the Rayleigh-Jeans tail, (hv << kTg) or
B(Ts) = 2 v k Te/c2.

Calculate the beam size (this is the size of the synthesized beam) in steradian. Use e. g. pi (ab/4) where
a and b are the FWHM dimensions given in the paper.

Amly is a flux unit (I gave the value on the board), convert to erg cm™? s Hz?
A unit of mJy/beam can then be related to a temperature Ts.

I was not looking for the exact answer, but the method.

2f. An interferometer cannot observe a "zero meter baseline" since you can't put the dishes closer
together than the diameter of one of them. This hole at the short spacings causes a negative bowl in the
synthesized beam, and hence also in the entire map. The missing zero spacing in particular has an
important consequence. The sky distribution is the Fourier Transform of the phases and gains recorded
by the interferometer. According to the FT theorems, the FT of a function in one domain at the value 0
is equal to the integral from - to + infinity over the function in the other domain. If an interferometer
cannot get a value at the zero meter baseline, this means that the net flux in the sky domain of the
interferometer map is actually zero.

¥

3a. SA(s)b
S= spiral
A = not barred

(s) = spiral arms start all the way in the center; (r) would mean there is an inner ring from which the
spiral arms start.

b refers to the bulge size and the tightess of the winding of the spiral arms.

3b. A warped disk is a disk that is not in one plane but one that curves outside the plane while
remaining thin. The way this shows up in the velocity field diagram is as a twisting of the symmetry
line of the velocity contours. A flat disk that has no warp would have a straight line bisecting the
velocity contours.



3c. This is in fact a very confusing section in the paper. The paper the authors refer to does not say
anything about a relaxation time, but talks about ram pressure stripping and tidal interactions as sources
of the HI asymmetry. The students did not have that information, so I graded this question liberally. My
own thoughts are that the authors should have referred to a rotational period of gas in a rotating disk;
with a flat rotation curve, the winding that will occur will wipe out asymmetries between disk halves,
Some students interpreted it as a Jean's collapse or free-fall time.

3d. The typical time for interaction with companion galaxies is determined by the distance and typical
velocities in a group. The latter is of order hundreds of km/s, not thousands. Given the stated distances
of the companion galaxies, the time scales are much longer than 10° years.



