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Use the Image/Illustration Set (Pages 7-8) to answer the following questions 1-12.
An H-R diagram is shown in Image 1. All sub-questions in this section are worth one
point each.

1. (a) Which deep sky object is shown on the cover page?

(b) Which two other images show this object?

(c) Which of these two images was taken in the same wavelength as the image on the cover
page?

(d) Which image shows the light curve of this object?

(e) At which letter (A-O) on the H-R diagram does this deep sky object lie?

2. (a) Which image shows the light curve of SS Cygni?

(b) What class of variable star is SS Cygni?

(c) Which object was the first of this class to be discovered?

(d) What are the three components of this class of variable star?

(e) Which image shows a potential schematic of this class of variable star?

3. (a) Which deep sky object is shown in image 5?

(b) What type of object is this?

(c) Image 16 shows a color-magnitude diagram of this object. What notable conclusion can
you draw from this diagram about the ages of the stars in this object?

(d) What is a potential explanation as to what caused the oddities in this object’s color-
magnitude diagram?

4. Image 17 shows the light curve of a deep sky object. The red dots show the bolometric
(total) flux, while the white dots show the visible wavelength flux alone. This object is 7.24
Mpc from Earth.

(a) Which deep sky object is this?

(b) What is the bolometric absolute magnitude of this object at maximum brightness?

(c) What kind of object is this?

(d) Based on the distance to this object, what should the recessional velocity of its host
galaxy be (in km s−1) if it agrees with Hubble’s law? Assume that Hubble’s constant
is 65 km s−1 Mpc−1.

5. (a) Which image(s) show planetary nebulae?

(b) Which image shows a planetary nebula with a binary white dwarf at its center?

(c) Which image shows the youngest known planetary nebula?

(d) Which image shows a double-shell planetary nebula?
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6. RX J0806.3+1527 is the alternate identification for a deep sky object on this year’s rules.

(a) Which constellation is this object in?

(b) What are the components of this system?

(c) Which image shows an illustration of this object?

(d) Which image shows a light curve of this system?

(e) According to general relativity, what type of waves should be generated by this system?

7. Image 19 shows the light curve and power spectrum for the archetype of a class of variable
stars.

(a) Which variable star is this?

(b) What is the general timescale of variability of this type of variable star?

(c) At which location (A-O) on the H-R diagram does the accretor in this system belong?

(d) What is the orbital period of this system, in seconds?

8. Match the deep sky object below to the relevant image(s).

(a) SNR 0509-67.5

(b) Tycho’s SNR

(c) NGC 2392

(d) Henize 3-1357

(e) NGC 2440

(f) SNR G1.9+0.3

(g) Henize 2-428

9. The following questions refer to image 1, the H-R diagram.

(a) What are the units of the top x-axis?

(b) What are the units of the right y-axis?

(c) What is the absolute magnitude of a main-sequence A0V star?

(d) What is the distance, in parsecs, to an A0V star if it has an apparent magnitude of 10?

10. Place the following on image 1, the H-R diagram (locations A-O, multiple locations may be
required).

(a) Main-sequence stars

(b) Our Sun

(c) Stars at the center of planetary nebulae

(d) Flaring red dwarfs

(e) Red giant branch stars
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11. Classify the objects below into one of these variability groups: Eclipsing, rotating, pulsating,
eruptive, cataclysmic, X-ray.

(a) SN 2011fe

(b) HM Cancri (1 point bonus for correctly stating a second variability group)

(c) Omicron Ceti (1 point bonus for correctly stating a second variability group)

(d) SS Cygni

(e) AM CVn

12. Write the word or phrase that best matches the description.

(a) Maximum mass for white dwarfs

(b) Force supporting interior of white dwarf stars against gravity

(c) Force supporting interior of neutron stars against gravity

(d) Radially pulsating variable stars with periods of 100-700 days

(e) Pulsating white dwarfs with periods of 100-1000 seconds

(f) Pulsating source of radio emissions caused by neutron star variability

(g) Classical nova that takes a few weeks to dim by two magnitudes from maximum

(h) Class of Type Ia supernovae formed by the merger of two white dwarfs

(i) Clusters of Population II stars, some of the oldest objects in the Milky Way galaxy

(j) Stage of stellar evolution between the main sequence and red giant branch
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Time for some (more) physics! All relevant images for the following questions
13-21 are shown in the test itself. Sub-questions in this section are worth two
points each.

13. A star with the same absolute magnitude of the Sun has a parallax of 0.01”. The H-α line
of this star is measured to be 6565.8 Angstroms. The H-α wavelength is expected to be at
6562.8 Angstroms based on laboratory measurements.

(a) What is the distance to this star, in parsecs?

(b) What is the luminosity of this star, in Watts?

(c) What is the apparent magnitude of this star?

(d) What is the radial velocity of this star, in km s−1? Is this star moving toward Earth or
away from Earth?

(e) This star has a proper motion of 50 milliarcseconds per year. What is its tangential
velocity, in km s−1?

(f) What is the true space velocity of this star, in km s−1?

14. A detector on Earth measures 0.25 milli-Watts of power from an X-ray binary 5 kiloparsec
away. If an equally bright X-ray binary were found at 0.5 kiloparsec away from Earth, how
many milli-Watts of power will the detector on Earth measure?

15. The average radial velocity of galaxies in a given cluster is 9,000 km s−1. What is the distance
to this cluster, in megaparsecs? Assume that Hubble’s constant is 65 km s−1 Mpc−1.

16. A star has a luminosity of 104 solar luminosities and a radius 370 times that of the Sun.

(a) What type of star is this?

(b) What is the effective temperature of this star, in Kelvin?

(c) What is the flux emitted by this star, in Watts m−2?

(d) What is the wavelength at which the blackbody spectrum of this star peaks, in microm-
eters?

17. A binary system is comprised of two stars, one with the mass of the Sun and one with a
mass twice that of the Sun. If the orbits of both of the stars are circular, what is the ratio
of angular velocities between the primary and secondary stars?

18. What is the distance, in parsecs, to a B2III star with a bolometric apparent magnitude of 5?

19. Given a Hubble constant of 65 km s−1 Mpc−1, what is the “Hubble time,” that is, the
predicted age of the universe, in billions of years?
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Derivations and Sample Problems: Orbital Mechanics 
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20. The image above shows the absolute bolometric light curve from a close eclipsing binary
system with a period of 50 hours. For simplicity, assume that both of the stars in the system
are on circular orbits, that stellar occultations completely block the disk of the eclipsed star
(but not that both stars have the same radius), and that stellar luminosity scales with mass
as L ∝M3.5.

(a) What is the separation between the two stars, in AU?

(b) How many times faster is the orbital speed of the secondary star relative to the primary?

(c) What is the radius of the primary star, in solar radii?
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21. The image above shows the radial velocity curve for another eclipsing binary system. The
separation between the two stars is 50 AU.

(a) What is the recessional velocity of this binary star system, in km s−1?

(b) What is the mass ratio between the primary star and secondary star?

(c) What is the orbital period of the system, in years?

6



Image/Illustration Set: 

1 

Page 7  

2 A. D. Mackey & P. B. Nielsen

Figure 1. Drizzled ACS/WFC F814W image of the core of NGC 1846 (exposure 200s). The full image has been cropped to include only
WFC chip 1 and part of WFC chip 2 – these cover the central cluster region. Note that the brightest stars in the cluster are saturated.

2 OBSERVATIONS AND DATA REDUCTION

Our observations were made during HST Cycle 12 on 2003
October 08 using the ACS Wide Field Channel (WFC).
As a snapshot target, one frame was taken in each of two
filters – F555W (dataset j8ne55z9q) and F814W (dataset
j8ne55zeq). Exposure durations were 300s and 200s, respec-
tively. The ACS WFC consists of two 2048 × 4096 pixel
CCDs separated by a gap ≈ 50 pixels wide. The plate scale
is 0.05 arcsec per pixel, resulting in a total areal coverage
of approximately 202 × 202 arcsec. The core of NGC 1846
was positioned at the centre of chip 1 so that the inter-chip
gap did not impact on the innermost region of the cluster.
In order to help with the identification and removal of hot-
pixels and cosmic rays, the F814W image was offset from the
F555W image by ≈ 2 pixels in both the x- and y-directions.

The data products produced by the STScI reduction
pipeline, which we retrieved via the public archive, have had
bias and dark-current frames subtracted and are divided by
a flat-field image. In addition, known hot-pixels and other
defects are masked, and the photometric keywords in the
image headers are calculated. We also obtained distortion-
corrected (drizzled) images from the archive, produced using
the pyraf task multidrizzle. Part of the drizzled F814W
image is displayed in Fig. 1.

We used the dolphot photometry software (Dolphin
2000), specifically the ACS module, to photometer our
flatfielded F555W and F814W images. dolphot performs
point-spread function fitting using PSFs especially tailored

to the ACS camera. Before performing the photometry, we
first prepared the images using the dolphot packages ac-

smask and splitgroups. Respectively, these two packages
apply the image defect mask and then split the multi-image
STScI FITS files into a single FITS file per chip. We then
used the main dolphot routine to simultaneously make
photometric measurements on the pre-processed images, rel-
ative to the coordinate system of the drizzled F814W image.
We chose to fit the sky locally around each detected source
(important due to the crowded nature of the target), and
keep only objects with a signal greater than 10 times the
standard deviation of the background. The output photom-
etry from dolphot is on the calibrated VEGAMAG scale
of Sirianni et al. (2005), and corrected for charge-transfer
efficiency (CTE) degradation.

To obtain a clean list of stellar detections with high
quality photometry, we applied a filter employing the sharp-
ness and “crowding” parameters calculated by dolphot.
The sharpness is a measure of the broadness of a detected
object relative to the PSF – for a perfectly-fit star this pa-
rameter is zero, while it is negative for an object which is
too sharp (perhaps a cosmic-ray) and positive for an object
which is too broad (say, a background galaxy). The crowd-
ing parameter measures how much brighter a detected ob-
ject would have been measured had nearby objects not been
fit simultaneously. We selected only objects with −0.15 !

sharpness ! 0.15 in both frames, and crowding ! 0.5
mag in both frames. We also only kept objects classified
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A double main sequence turn-off in NGC 1846 3

Figure 2. Colour-magnitude diagram for NGC 1846. All detected
sources which passed successfully through our quality filter are
plotted (34534 objects). The main cluster sequences are clearly
visible; however there is some field star contamination present in
key regions, particularly along the RGB and main sequence. Even
so, the double main sequence turn-off is strikingly evident.

by dolphot as good stars (object type 1), as opposed to
elongated or extended objects (object types > 1).

3 RESULTS

3.1 Colour-magnitude diagram

The colour-magnitude diagram (CMD) for NGC 1846 is pre-
sented in Fig. 2. All detected stars which passed successfully
through the quality filter are plotted. There is some evident
field-star contamination present in this CMD, so in Fig. 3 we
plot only stars within 30′′ of the cluster centre, which lies
near pixel coordinates (xc, yc) = (2120, 3150) (see Section
3.2 below). Since this selected region is very much smaller
in area than the full ACS coverage, field-star contamination
in the CMD is greatly reduced compared to Fig. 2 and al-
lows one to clearly identify the primary cluster sequences.
In principle we could apply a more sophisticated statisti-
cal subtraction of field stars; however this is unnecessary to
achieve the goals of the present work. Selecting the inner-
most cluster regions, as in Fig. 3, clearly offers a sufficiently
uncontaminated CMD.

The most striking and unusual feature of the CMD for
NGC 1846 is the presence of an apparently double main
sequence turn-off. This is clearly visible in both Figs. 2
and 3, suggesting it is not an artifact of field star contam-
ination (we address this issue more completely in Section
3.2 below). Apart from this, the CMD is as expected for
an intermediate-age Magellanic Cloud cluster. There is a
relatively narrow main sequence, a down-sloping sub-giant
branch (SGB), and a narrow red giant branch (RGB), as
well as a compact red clump (RC) near mF555W ≈ 19.1 and

Figure 3. Colour-magnitude diagram for NGC 1846, now plotted
using only quality-filtered stars at projected radial distances less
than 30′′ from the centre (6599 objects). The majority of field star
contamination has been removed leaving the cluster sequences
clearly visible, particularly the double main sequence turn-off.
Note that the view in this plot is focussed on the turn-off region,
SGB and RGB, so the scale is different from that of Fig. 2.

mF555W − mF814W ≈ 1.0. On the RGB just brighter than
the RC level a clear knot of stars is visible, especially in
Figure 2. This is possibly the RGB Bump – the point at
which the hydrogen-burning shell in a red giant star reaches
the discontinuity left in the hydrogen abundance profile due
to inner penetration of convection. A similar feature has
recently been observed in the rich intermediate-age LMC
cluster NGC 1978 by Mucciarelli et al. (2007) – an object
which presents a very similar CMD to that for NGC 1846
(although without the double main sequence turn-off).

It is worth noting that a third turn-off is clearly visi-
ble in Fig. 2, near mF555W ∼ 22.5. This is clearly part of
the contaminating field star population (since it disappears
in Fig. 3), and is representative of a much older population
than that present in NGC 1846. Mucciarelli et al. (2007)
observe a similar population in the field surrounding NGC
1978, and interpret it as the signature of a major star for-
mation episode which occurred ∼ 5 − 6 Gyr ago when the
LMC and SMC were gravitationally bound.

Above mF555W ≈ 18.0, the width of the cluster RGB
appears to increase significantly. Examining the data qual-
ity flags produced by dolphot we found that all stars above
this level were flagged as being saturated in their central pix-
els (see e.g., the brightest stars in Fig. 1). The accuracy of all
photometry on the RGB above mF555W = 18.0 is therefore
dubious, and the apparent increased spread is most likely
artificial.

Based on an unpublished CMD, Grocholski et al. (2006)
suggested that NGC 1846 suffers from differential reddening;
however, from the narrow (lower) RGB and the compact RC
visible in Fig. 3 we see no evidence for significant differential
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R. Pereira & the SNfactory: Spectrophotometric time series of SN 2011fe

Fig. 4. Phase evolution of the ratio of flux in the ultraviolet (1600–
3400 Å) and near-infrared (9700–24000 Å) to total bolometric flux for
SN 2011fe. The dashed lines represent cubic spline fits.

son et al. (2012) from WIYN/WHIRC. A quadratic spline, con-
structed from the ratio of observed over synthetic photometry for
each of the e↵ective wavelengths of the three WHIRC filters, is
used. The variance is constructed from a flat error estimation
and warped chromatically in a similar way, in order to match the
Matheson et al. (2012) measurement errors. The median residu-
als and scatter of the final NIR template with relation to obser-
vations are at or below the half percent level.

The bolometric flux is obtained by integrating the full wave-
length range 1600–24000 Å of the UV + snifs + NIR spectra.
The evolution of the ratio of UV and NIR flux to total flux is
shown in Fig. 4. The UV flux accounts for a few percent of the
total flux with a maximum contribution of about 13% attained
five days before B-band maximum. It then decreases steadily to
reach about 2% at t > + 20 d. The NIR contribution starts at
about 15% at very early phases and declines to 5% around 10
days after B maximum, increasing once again to reach 15–20%
at the time of the secondary maximum in the NIR (t ⇠ 30 d), that
our data did not sample.

In order to study the time evolution of integrated filter pho-
tometry relative to the bolometric flux, we simulated the ratio
to total flux of individual or combined optical passbands, us-
ing the BM12 throughputs. For the full phase range considered
here, the individual band with the least scatter on the ratio of
bolometric flux is I, even if the mean ratio to total flux is small
(7.3% ± 2%). The mean flux ratio on V is higher while keeping
a relatively small scatter (15.7% ± 3.1%), similar to what was
seen by Wang et al. (2009) for SN 2005cf. If we sum fluxes of
multiple bands, the most promising combinations are those in-
cluding bands from both extremes of the optical window, namely
UVI (36.7% ± 1.3%) and URI (38.0% ± 1.5%). The scatter of
the URI combination decreases below the percent level if one
limits phases to t < 15 d. The best non-U combination is BI,
with mean ratio and scatter of 32.1% ± 1.9%. Assuming the rel-
ative normality of SN 2011fe, these ratios can thus be used to
compute estimates of total bolometric flux from near maximum
optical measurements of a typical SN Ia.

The distance-corrected (Shappee & Stanek 2011) bolometric
luminosity is presented in the last column of Table 2, and the
bolometric flux is plotted in Fig. 5, along with the integrated flux
over the full snifs optical window. A t2 power law was fitted to

Fig. 5. Bolometric light curve for SN 2011fe (filled red circles). The
open circles represent the integrated flux over the full snifs wavelength
range and the dashed line is a cubic spline fit for determination of the
date of maximum. The inset is a zoom of the area marked by a dashed
box, where a quadratic rise is fit to the first 3 nights of snifs observa-
tions. The vertical dotted lines mark the time of observations presented
by Nugent et al. (2011b).

our first three observations (inset of Fig. 5), under the assumption
that the luminosity dependence is dominated by the evolution
of the photosphere surface area (Riess et al. 1999; Goldhaber
et al. 2001; González-Gaitán et al. 2012; Piro 2012) until about
five days after the explosion. We find an explosion date (MJD)
t0 = 55796.81±0.13, where the ⇠ 3h precision is due to the lack
of earlier snifs observations. The value is compatible with the
one found by Nugent et al. (2011b) (55796.696 ± 0.003) using
g-band observations which start two days before the SNfactory
ones. The goodness of the fit decreases if we include the fourth
night of snifs observations, supporting the hypothesis that the t2

model is only valid until ⇠ 5 d after the explosion. By letting the
exponent of the power law float we find a best-fit exponent of
2.21± 0.51 and t0 = 55796.47± 0.83. This is a fully constrained
fit with 3 parameters on 3 points, and earlier observations would
be needed for better precision. The former (t2) analysis made
using the VBM12 band yields t0 = 55796.68 ± 0.12, in closer
accordance with the PTF value, the one found by Brown et al.
(2012) when using the v band of UVOT (55796.62±0.03), and by
Vinkó et al. (2012) (55796.70±0.16) using R-band observations.
The derived data of explosion thus seems to be dependent on the
wavelengths that are included in the bolometric flux.

By fitting a cubic spline to the bolometric light curve in
the phase range � 9 < t < + 15 d, we find the date of max-
imum bolometric luminosity and derive a bolometric rise time
⌧r, bol = tmax, bol � t0 = 16.58 ± 0.14 d, where we use the explo-
sion date found with the bolometric flux and the t2 power law,
and assume an error on the determination of the date of maxi-
mum of 0.06 d, as with the SALT2 fits. Using the date of B-band
maximum from Sect. 2.4, we obtain ⌧r, B = 17.70 ± 0.14 d, 1.1 d
more than the bolometric rise time and compatible with the SN Ia
sample of Contardo et al. (2000), who found both rise-times to
be within 2 days. One should notice that those authors used
pseudo-bolometric light curves from integrated UBVRI, most
closely matched by our snifs integrated flux, from which we find
a date of maximum 0.5 d later than ⌧r, bol and hence closer to ⌧r, B.
Employing similarly integrated snifs data, Scalzo et al. (2012)

Article number, page 11 of 23
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Figure 2: Light curve of a portion of the Chandra ACIS-S data from the January 5, 2004

(UTC) observation of J0806. The bin size is 16 s, and ten individual pulses are shown.
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1. (a)

(b)

(c)

(d)

(e)

2. (a)

(b)

(c)

(d)

(e)

3. (a)

(b)

(c)

(d)

4. (a)

(b)

(c)

(d) km/s

5. (a)

(b)

(c)

(d)

6. (a)

(b)

(c)

(d)

(e)

7. (a)

(b)

(c)

(d) s

8. (a)

(b)

(c)

(d)

(e)

(f)

(g)

9. (a)

(b)

(c)

(d) parsecs

10. (a)

(b)

(c)

(d)

(e)

11. (a)

(b)

(c)

(d)

(e)

12. (a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)
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Astronomy C: Answer Page continued

13. (a) parsecs

(b) Watts

(c)

(d) km s−1,

(e) km s−1

(f) km s−1

14. milli-Watts

15. Mpc

16. (a)

(b) Kelvin

(c) Watts m−2

(d) µm

17.

18. parsecs

19. Gyr

20. (a) AU

(b)

(c) Solar radii

21. (a) km s−1

(b)

(c) years



Team name: KEY Team number: KEY

Astronomy C: Answer Page

1. (a) Mira/Omicron Ceti

(b) 2,3

(c) 3

(d) 15

(e) G/D

2. (a) 14

(b) Dwarf novae

(c) U Gem

(d) white dwarf, main sequence star,
accretion disk

(e) 13

3. (a) NGC 1846

(b) Globular cluster

(c) Double main-sequence turnoff

(d) Capture of two star clusters

4. (a) SN 2011fe

(b) −18.9 ± 1

(c) Type Ia supernova

(d) 470.6 km/s

5. (a) 6,7,8

(b) 7

(c) 6

(d) 8

6. (a) Cancer

(b) two white dwarfs

(c) 12

(d) 18

(e) Gravitational waves

7. (a) AM CVn

(b) 1-60 minutes

(c) C/F

(d) 1028 s

8. (a) 10

(b) 4

(c) 8

(d) 6

(e) 11

(f) 9

(g) 7

9. (a) Kelvin

(b) Solar luminosities

(c) 0 ± 1

(d) 1000 ± 200 parsecs

10. (a) K,E,L,A

(b) E

(c) C,F

(d) A

(e) M/N (one or both okay)

11. (a) Cataclysmic

(b) X-ray and Cataclysmic

(c) Pulsating and Eruptive

(d) Cataclysmic

(e) Cataclysmic

12. (a) Chandrasekhar mass

(b) Electron degeneracy pressure

(c) Neutron degeneracy pressure

(d) Long-period variables

(e) ZZ Ceti stars

(f) Pulsar

(g) Fast nova

(h) Double-degenerate

(i) Globular clusters

(j) Sub-giant branch



Team name: KEY Team number: KEY

Astronomy C: Answer Page continued

13. (a) 100 parsecs

(b) 3.8 × 1026 Watts

(c) 9.83 ± 1

(d) 137 ± 15 km s−1, away from Earth

(e) 23.7 ± 3 km s−1

(f) 139.2 ± 15 km s−1

14. 25 milli-Watts

15. 138 Mpc

16. (a) red (super)giant/asymptotic giant branch/Mira variable

(b) 3000 ± 300 Kelvin

(c) (4.59 ± 1) × 106 Watts m−2

(d) 0.967 ± 0.1 µm

17. 1

18. 903 ± 250 parsecs

19. 15 ± 0.5 Gyr

20. (a) 0.037 ± 0.005 AU

(b) 1.37 ± 0.1

(c) 2.89 ± 0.3 Solar radii

21. (a) 25 km s−1

(b) 3

(c) 5.33 ± 0.5 years
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