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The	
  SDSS	
  Survey	
  

Sloan	
  Digital	
  Sky	
  Survey	
  

Fig. 1.—SDSS discovery spectra of the four new AM CVn candidates, displayed with a five-point boxcar smoothing. Each candidate was discovered first in the
course of a visual examination of several hundred thousand SDSS spectra. Each spectrum is dominated by helium, and each shows double-peaked emission indicative of
a helium accretion disk.

Anderson	
  et	
  al.	
  (2005)	
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Photometric	
  Variability	
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(3	
  known)	
  

OutbursFng	
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(15	
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Systems	
  
(11	
  known)	
  



Why	
  Outburst	
  SelecFon?	
  

•  Color-­‐independent	
  
•  Surveys	
  a	
  (believed)	
  different	
  part	
  of	
  the	
  AM	
  
CVn	
  system	
  populaFon	
  

•  Allows	
  us	
  to	
  probe	
  deeper	
  (to	
  23rd	
  mag!)	
  
•  Photometry	
  does	
  not	
  need	
  to	
  be	
  perfect	
  
•  A	
  significant	
  fracFon	
  of	
  the	
  AM	
  CVn	
  lifeFme	
  is	
  
believed	
  to	
  be	
  spent	
  in	
  the	
  outbursFng	
  phase	
  



Palomar	
  Transient	
  Factory	
  

Palomar	
  48”	
  Oschin	
  
Schmidt	
  Telescope	
  
7.26	
  deg2	
  FOV	
  

Palomar	
  60”	
  
Photometric	
  
followup	
  

Palomar	
  200”	
  
Hale	
  telescope	
  
Spectroscopic	
  
followup	
  

+	
  Follow-­‐up	
  @	
  Collabora>on	
  Observatories	
  (i.e.	
  Keck,	
  Gemini,	
  etc…)	
  



The	
  PTF	
  Field	
  of	
  View	
  
92	
  MPix	
  
1.0	
  arcsec	
  sampling	
  
R=21	
  in	
  60	
  seconds	
  



The	
  Transient	
  Data	
  Flow	
  



What	
  happens	
  at	
  IPAC?	
  

Exposures	
   “Standard”	
  
Reduc>on	
   Calibra>on	
   Final	
  Nightly	
  

Products	
  

Nightly	
  Image	
  Processing:	
  

Second	
  Level	
  Products:	
  

Deep	
  Reference	
  
Images	
   Source	
  Matching	
   Rela>ve	
  

Photometry	
  

Depth:	
  21.7	
  –	
  23.2	
   <	
  0.1”	
  precision	
  at	
  
bright	
  end	
  

1.5”	
  at	
  faint	
  end	
  



Photometric	
  Performance	
  

R-­‐band	
  Coverage:	
  
∼15,000	
  deg2	
  with	
  >	
  ∼10	
  exp	
  
	
  	
  ∼8,000	
  deg2	
  with	
  ≥	
  30	
  exp	
  
	
  
g’-­‐band	
  Coverage:	
  
∼5,000	
  deg2	
  with	
  >	
  ∼10	
  exp	
  
∼1,800	
  deg2	
  with	
  ≥	
  30	
  exp	
  
	
  
Many	
  fields	
  are	
  covered	
  daily	
  
	
  
Depth	
  coverage:	
  
14	
  	
  	
  	
  <	
  R	
  <	
  20.6	
  
14.5	
  <	
  g’	
  <	
  21	
  
	
  
Calibra>on	
  is	
  both	
  absolute	
  
(to	
  SDSS)	
  and	
  rela>ve	
  

PTF	
  is	
  one	
  of	
  the	
  deepest,	
  best-­‐calibrated	
  
synop>c	
  surveys	
  with	
  large	
  sky	
  coverage	
  



Transient	
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  detecFon	
  is	
  best	
  for	
  faint	
  systems	
  that	
  are	
  seen	
  in	
  outburst	
  only	
  once	
  
But	
  measurements	
  only	
  obtained	
  when	
  there	
  is	
  significant	
  change	
  in	
  brightness	
  



Outburst	
  DetecFon	
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Brighter	
  systems	
  
typically	
  have	
  solid	
  

detecFons	
  in	
  
quiescence	
  

Fainter	
  systems	
  will	
  only	
  
be	
  observed	
  in	
  outburst	
  
–	
  thus	
  we	
  need	
  deep	
  
“reference”	
  images	
  



ClassificaFon	
  Spectra	
  

Outburst	
  light	
  curve	
  tells	
  us	
  liale	
  more	
  than	
  that	
  there	
  is	
  an	
  outburs>ng	
  system.	
  
Classifica>on	
  spectra	
  are	
  necessary	
  to	
  iden>fy	
  the	
  type	
  of	
  system.	
  



PTF1	
  J071912.13+485834.0	
  

P48	
  RelaFve	
  Photometry	
  Light	
  Curve	
  of	
  PTF1J0719+4858	
  

Detected	
  as	
  Supernova	
  
candidate	
  on	
  2009	
  
December	
  01	
  
	
  
ClassificaFon	
  spectrum	
  
obtained	
  as	
  part	
  of	
  SN	
  
program	
  
	
  
IdenFfied	
  as	
  AM	
  CVn	
  
system	
  with	
  addiFonal	
  
significant	
  follow-­‐up	
  



PTF1J0719+4858	
  Light	
  Curve	
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Levitan	
  et	
  al.	
  (2011)	
  Orbital	
  Period:	
  26.77	
  minutes	
  	
  	
  	
  	
  	
  	
  Super-­‐outburst	
  recurrence	
  Fme:	
  65-­‐80	
  days	
  

Levitan	
  et	
  al.	
  (2011)	
  



Source	
  of	
  AM	
  CVn	
  Photo.	
  Variability	
  

Levitan	
  et	
  al.	
  (2011)	
  



PTF11aab	
  –	
  High	
  InclinaFon?	
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Detected	
  in	
  outburst,	
  spectrum	
  taken,	
  shows	
  emission	
  lines	
  in	
  outburst!	
  
In	
  CVs,	
  this	
  is	
  indicaFve	
  of	
  high	
  inclinaFon,	
  but	
  we	
  have	
  not	
  seen	
  any	
  eclipses	
  

Levitan	
  et	
  al.	
  (in	
  prep)	
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PTF10noc	
  and	
  PTF11dkq	
  

PTF11dkq	
  
Only	
  candidate	
  now	
  
R	
  =	
  23	
  in	
  quiescence!	
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0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

⊕
⊕

N
or

m
al

iz
ed

Fl
ux

Period	
  as	
  of	
  yet	
  unmeasured	
  
But	
  not	
  significant	
  metal	
  lines	
  

Levitan	
  et	
  al.	
  (in	
  prep)	
  



PTFS1119aq	
  

H
e

I
λ
4
9
2
1

H
e

I
λ
5
0
1
5

H
e

I
λ
5
8
7
6

H
e

I
λ
6
6
7
8

H
e

I
λ
7
0
6
5

H
e

I
λ
3
8
8
8

H
e

I
λ
4
0
2
6

H
e

I
λ
4
3
8
7

H
e

I
λ
4
4
7
1

H
e

II
λ
4
2
0
0

H
e

II
λ
4
6
8
6

4000 4400 4800 5200 5600 6000 6400 6800

Wavelength (Å)
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Summary	
  of	
  Results	
  
•  The	
  PTF	
  has	
  discovered	
  6	
  new	
  AM	
  CVn	
  systems	
  
for	
  sure,	
  plus	
  1119aq	
  and	
  11dkq	
  

•  This	
  is	
  over	
  20%	
  of	
  the	
  total	
  AM	
  CVn	
  populaFon	
  
•  But	
  these	
  are	
  also	
  the	
  faintest	
  systems	
  
•  Simultaneous	
  spectroscopic	
  and	
  photometric	
  
observaFons	
  allow	
  linking	
  periods	
  

•  This	
  is	
  a	
  systemaFc	
  search	
  for	
  AM	
  CVn	
  systems	
  
that	
  does	
  not	
  rely	
  on	
  colors	
  

•  AddiFonally,	
  over	
  new	
  100	
  CVs	
  have	
  been	
  found	
  
as	
  part	
  of	
  this	
  survey	
  



Upcoming	
  Observing	
  Plans	
  

•  ClassificaFon	
  spectra	
  of	
  >100	
  targets	
  
–  Currently	
  have	
  about	
  70	
  “bright”	
  targets	
  
– About	
  30	
  addiFonal	
  faint	
  targets	
  below	
  R	
  =	
  20.5	
  

•  Follow-­‐up	
  period	
  determinaFon	
  
–  Phase-­‐resolved	
  spectroscopy	
  of	
  PTF11aab,	
  
PTF1122aw,	
  and	
  PTFS1119aq	
  

–  Prove	
  link	
  between	
  photometric	
  period	
  and	
  
spectroscopic	
  period	
  by	
  measuring	
  CR	
  Boo	
  

•  Planning	
  on	
  looking	
  through	
  Chandra-­‐PTF	
  cross	
  
match	
  for	
  short	
  period	
  systems	
  



Outburst	
  Recurrence	
  Rates	
  
SynopFc	
  surveys	
  provide	
  unprecedented	
  long-­‐term	
  light	
  curves	
  
of	
  AM	
  CVn	
  systems.	
  What	
  can	
  we	
  say	
  about	
  their	
  outbursts?	
  



TesFng	
  PopulaFon	
  Models	
  

Previous	
  populaFon	
  studies	
  have	
  been	
  based	
  on	
  limited	
  systems	
  
dominated	
  by	
  SDSS-­‐discovered	
  systems	
  (i.e.	
  quiescent	
  systems).	
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However,	
  evoluFonary	
  
models	
  have	
  not	
  been	
  well	
  
tested	
  and	
  are	
  currently	
  
assumed	
  to	
  be	
  very	
  
simple.	
  Is	
  this	
  actually	
  the	
  
case?	
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Photometric	
  CalibraFon	
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  SDSS	
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is typically11 around 14th magnitude.
Herein we describe the photometric calibration of PTF data

taken in the g and R bands. The PTF H! survey photometric
calibration will be described elsewhere. We note that the rela-
tive photometry calibration of PTF currently12 achieves accu-
racy as good as 3mmag (e.g., van Eyken et al. 2011; Agüeros
et al. 2011; Law et al. 2011; Levitan et al. 2011; Polishook
et al., in prep.). The PTF relative photometry pipeline will be
described in Levitan et al. (in prep.).
The method we use to photometrically calibrate the PTF

data is similar to the “classical” method of observing flux
standards (e.g., Landolt 1992) through various airmasses and
assuming photometric conditions – i.e., the atmosphere trans-
mission properties are constant in time and are a continuous
function of airmass. The only difference is that we are using
SDSS stars and we typically observe ∼ 105 SDSS stars with
high S/N per CCD per night.
The paper is organized as follows. In §2, we describe the

PTF photometric-calibration method. In §3, we discuss the
illumination correction, while §4 describes a related problem
we had with early PTF data. In §5 we describe the data prod-
ucts and how the calibration information is stored. The per-
formance of the PTF magnitude calibration is given in §6, and
the derived parameter statistics is discussed in §7. We provide
the color transformation between the PTF magnitude system
and other systems in §8. Finally, we conclude the paper in §9.

2. PHOTOMETRIC-CALIBRATIONMETHOD
PTF has two main pipelines. The first is for real time13

image subtraction and transient detection, hosted by the
Lawrence Berkeley National Laboratory (Nugent et al., in
prep.). The second pipeline, hosted by the Infrared Process-
ing and Analysis Center (IPAC), is responsible for generating
the final reduction of the images and the source catalogs. The
processing includes splitting the images, de-biasing, flat field-
ing, astrometric calibration, generation of mask images, and
source extraction. This pipeline is described in Grillmair et
al. (2010) and Laher et al. (in prep.).
After these basic steps, the calibrated (“absolute”) photom-

etry pipeline attempts to match the sources extracted from the
PTF images taken during a given night with SDSS-DR7 unre-
solved sources (i.e., SDSS type= 6). In order to assure good
photometric quality, only SDSS stellar objects with photomet-
ric errors smaller than 0.05mag in r- and i-bands and which
are fainter than 15 magnitude in g-, r- and i-bands are used.
We use the SDSS matched stars as a set of “standard stars”

and solve for the photometric zero points, airmass terms and
color terms in a given night. The fitting process is done sep-
arately for each one of the 11 active CCDs and the g and R-
band filters. This is required since the CCDs are not identical
and some of them have a different spectral response (see Law
et al. 2009 for details). For observations taken using the R-

11 The PTF camera electronics were modified on 2009 Oct 22 to increase
the dynamic range. Before this date, the saturation limit was around 15th
magnitude.
12 For relative photometry, we use a scheme similar to that proposed by

Honeycutt (1992) with some modifications outlined in Ofek et al. (2011a).
The relative photometry pipeline will be described in Levitan et al. (in prep.).
13 Currently, image subtraction and transients identification is performed

within ≈ 30min from data taking. See example in Gal-Yam et al. (2011).

band14 filter we fit the following model:

rSDSS−RinstPTF = ZPR+!c,R(rSDSS− iSDSS)
+!a,RAM+!ac,RAM(rSDSS− iSDSS)

+!t,R(t− tm)+!t2,R(t− tm)2
−2.5log10(" t), (1)

while for g-band observations we fit:

gSDSS− ginstPTF = ZPg+!c,g(gSDSS− rSDSS)
+!a,gAM+!ac,gAM(gSDSS− rSDSS)

+!t,g(t− tm)+!t2,g(t− tm)2
−2.5log10(" t). (2)

Here, f instPTF is the PTF instrumental magnitudes in band f (ei-
ther R or g), fSDSS is the SDSS magnitude in band f (either
g, r or i), ZPf is the photometric zero point for filter f , !c, f
is the color term for filter f , !a, f is the extinction coefficient
(airmass term) for filter f , !ac, f is the airmass-color term for
filter f , AM is the airmass, !t, f and !t2, f represent the poly-
nomial coefficients for the change in the zero point of filter f
as a function of time, t in days, during the night, where tm in
days is the middle of the night, and " t is the exposure time in
seconds. We note that all the SDSS magnitudes are on the AB
system.
The instrumental magnitudes used in the photometric cali-

bration process are based on the SExtractor (Bertin & Arnouts
1996) MAG AUTO magnitude15, with an internal SExtractor
zero point of 0. The above set of equations are solved us-
ing linear least squares fitting. The errors in rSDSS − RinstPTF
are taken as (#rSDSS2+#RinstPTF

2
+ 0.0152)1/2, where #rSDSS

is the SDSS magnitude error, #RinstPTF is the PTF magnitude er-
rors and 0.015 is the assumed internal accuracy of the SDSS
photometric calibration. The fit is performed with up to three
iterations with sigma clipping of 3$ .
Next, in order to be able to correct for zero-point variations

across a given CCD (see §3), the residuals from the best fit of
Equations 1 or 2 are binned in cells of 256× 256pix2 along
the X and Y dimensions of each CCD. In each cell we take
the mean of the residuals and subtract from it the mean of the
residuals in the cell in the center of the image16. This coarse
image of the mean of the residuals is linearly interpolated to
generate an image of pixel-to-pixel zero point variations rela-
tive to the center of the image. This product is equivalent to
an illumination correction, herein also called zero point varia-
tion map (ZPVM; see §3). The uncertainty in the illumination
correction is estimated by calculating the standard deviation
(StD) of the residuals in each cell17.
We note that the illumination correction images are smooth

on large scales (comparablewith the CCD image size). There-
fore, in most cases the ZPVM can be represented by low-order
polynomials. In order to provide users with a simpler version
of the illumination correction, we also fit a version of Equa-
tions 1 and 2 that consist of a low-order polynomials repre-
sentation of the ZPVM, e.g., for the R-band:

rSDSS−RinstPTF = ZPR+!c,R(rSDSS− iSDSS)

14 The PTFMould R filter is similar in shape to the SDSS r-band filter, but
shifted 27 Å redward.
15 Defined with kron fact = 1.5 and min radius = 2.5.
16 The position of the center of this “central” cell is x = 1025, y= 2049.
17 The “StD” is not divided by the square root of number of data points in

each cell. Therefore, it represents the scatter rather than the error in the mean.

•  Obtain	
  photometric	
  
zero-­‐points	
  for	
  all	
  
exposures	
  (whether	
  in	
  
SDSS	
  field	
  or	
  not)	
  

•  Find	
  a	
  “Zero-­‐Point	
  
VariaFon	
  Map”	
  to	
  
account	
  for	
  changes	
  in	
  
the	
  PSF	
  over	
  the	
  chip	
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FIG. 1.— rSDSS − RPTF/SDSS as a function of SDSS r-band magnitude
(rSDSS) for point sources in a single PTF CCD image. The image was taken
on 2010March 18.3696 with CCDID= 0 where the PTF camera was centered
on PTF field 2961.
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FIG. 2.— Same as Figure 1 but without applying the color terms to the PTF
magnitudes (i.e., assuming all the stars have r− i= 0mag).
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FIG. 3.— The g−r and r− i color distributions of all SDSS-DR7 unresolved
sources with r-band magnitude between 16 and 17.
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FIG. 4.— R-band magnitude vs. scatter for stars in PTF field 100037

CCDID= 0. The plot shows the 68th percentile range divided by 2 as a
function of the PTF mean magnitude (not color corrected). The 68th per-
centile range, for each source, is calculated over 27 images of this field taken
between March and October 2010 which have photometric calibration bright-
star RMS value (parameter APBSRMS in Table 2) of less than 0.04mag. We
note that the increase in scatter at the bright end is due to saturated stars.

6.2. Repeatability
The stability over time of the PTF R-band photometric so-

lutions is demonstrated in Figure 4. This figure shows the
scatter in the calibrated magnitude of each star, over multiple
epochs, as a function of magnitude. The scatter is calculated
using the 68th percentile range divided by two (i.e., equivalent
to StD in case of a Gaussian distribution). This is based on 27
images of PTF field19 100037 CCDID20= 0 taken between
March and October 2010, which have photometric calibration
bright-star root-mean squares (RMS) value (parameter APB-
SRMS in Table 2) of less than 0.04mag.
We choose to use the 68th percentile range instead of StD

since its more robust to outliers. For example, if a night was
“photometric” for 90% of the time (e.g., clouds entered only
toward the end of the night), then our algorithm may claim
that the night was photometric, but the calibration of some of
the data will be poor. Therefore, in order to get the calibrated
magnitude of sources it is important to average data taken over
several photometric nights. We note that we are using this
approach for the compilation of the PTF photometric catalog
(Ofek et al., in prep.).
Figure 4 suggests that, at the bright end, the repeatability of

PTF calibrated magnitudes is good to a level of 0.02mag. Fig-
ure 5 shows the same, but for stars in 100 representative PTF
fields and all CCDs. The typical repeatability of PTF magni-
tudes are field-dependent and range between ≈ 5mmag and
≈ 20mmag. We note that PTF g-band observations achieve
similar repeatability.

7. PHOTOMETRIC PARAMETER STATISTICS
The term “photometric night” is not well defined and de-

pends on the required accuracy. Figure 6 shows the cumula-
tive histogram of the RMS of the best-fit residuals of bright
stars (parameter APBSRMS in Table 2) in all the images
taken by PTF. This figure suggests that about 62% (50%) of
19 PTF field (denoted by PTFFIELD) is a unique specifier indicating the

position of the field on the celestial sphere.
20 CCD number is denoted by CCDID and runs from 0 to 11.
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  photometric	
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  for	
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observations in §3.3.
Besides photometric observations, we also obtained in-

dividual spectra of PTF1J0719+4858 on multiple nights,
as well as phase-resolved spectroscopy. Individual spec-
tra of PTF1J0719+4858 were obtained with Keck-I, the
William Herschel Telescope, and the Palomar 200�� Hale
Telescope in October and November, 2010. To obtain the
orbital period, we obtained roughly four hours of spectro-
scopic observations with Keck-I/LRIS using three minute
exposures. These observations are presented in §4.2.

3. PHOTOMETRIC OBSERVATIONS AND RESULTS

3.1. Analysis and Reduction Process
Palomar 60�� data was de-biased and flat-fielded using

the P60 pipeline (Cenko et al. 2006). The FTN data
was processed using the LCOGT pipeline. The BOS
data was de-biased and flat-fielded using iraf tasks, as-
trometrically calibrated using Astrometry.net (Lang
et al. 2010), and cosmic rays were removed using the
L.A. Cosmic algorithm (van Dokkum 2001). The Sex-
tractor package (Bertin & Arnouts 1996) was used to
identify sources in each exposure and their instrumental
magnitudes were obtained using optimal point spread
function photometry (Naylor 1998) as implemented by
the Starlink14 package autophotom.

Light curves were calculated using a matrix-based,
least squares minimization, relative photometry algo-
rithm. The primary goal of any such algorithm is to
minimize noise, typically by assuming certain stars in
the field are non-variable and identifying an optimal zero
point for the exposure. We expanded on this to simul-
taneously solve for both the zero-point and additional
de-trending terms that corrected for airmass and instru-
ment changes. The algorithm is similar to that developed
in Honeycutt (1992) and is described in the appendix of
Ofek et al. (2011).

To accomplish the de-trending, we modeled each ob-
servation as

mi,j = M j + Zi + αcjAi +
nk�

k=1

βkcj

where the needed data is:

• mi,j : the magnitude of source j on exposure i.

• cj : a color for each source. The color is required
to compensate for the stronger effects of airmass
on blue stars, as well as the the differences in CCD
efficiency over a range of wavelengths. For our light
curves, we used cj = g�j−r�j , where g�j and r�j refer to
the magnitudes of the jth source in the respective
SDSS filters.

• Ai: the airmass of each exposure.

and the terms to be fitted are:

• Zi: the optimal zero-point term of each exposure.

• M j : the mean magnitude term of the source.

14 The Starlink Software Group homepage can be found at
http://starlink.jach.hawaii.edu/starlink.

• α: the airmass calibration coefficient for all expo-
sures and sources

• βk: the kth telescope/instrument calibration coef-
ficient, for k = 1, 2, . . . , nk where nk is the num-
ber of telescopes. This term is introduced to take
into account the different responses of each tele-
scope/instrument. For light curves with data from
only one instrument, these terms were not used.

It is important to ensure that all stars used for the so-
lution (“calibration stars”) are themselves not variable.
We restricted the stars used to those found in 80–100%
of exposures, depending on the light curve, and itera-
tively removed any sources with high residuals. Since
the solution is not unique unless reference magnitudes
are provided, we used blue magnitudes from USNO-B
1.0.

This algorithm provided very good results — even
light curves taken over months with different telescopes
and conditions obtained a magnitude scatter (RMS) of
∼ 0.035mag for g� ≈ 16 and ∼ 0.055mag for g� ≈ 19.4,
the quiescent magnitude of PTF1J0719+4858. The RMS
errors provided with the figures in this paper are based on
the median scatter of other stars with similar magnitude
present in at least 50% of observations. Additionally, in-
dividual errors — the combination of the Poisson error
and the fit errors — are provided for some of the light
curves. These are typically very close to the magnitude
scatter, except for those exposures obtained during bad
weather.

For high cadence light curves, period analysis was per-
formed with SigSpec (Reegen 2007). All default op-
tions were used, except as noted for individual cases,
and weights for measurements were always provided.
SigSpec produces a list of significant periods and corre-
sponding “sig” values. A “sig” value of c means that the
period has a chance of 1 in 10c of being noise.

3.2. Long-term Photometric Behavior
The long term light curve of PTF1J0719+4858 from

FTN and P60 is presented in Figure 2. We note the pat-
tern of “high” states and “quiescent” states. Additionally,
we note the presence of “normal” outbursts (as opposed
to the “super-outbursts” more commonly associated with
AM CVn systems).

We observed the January 2011 super-outburst in its
entirety and find a rise time from the last measurement
in quiescence to the peak magnitude of 3.2 days with
∆mag = 3.6. Immediately following this rise, we see a
drop to a plateau that may be the cycling state seen in
other AM CVn systems (e.g. Patterson et al. 2000). Fi-
nally, 22 days after the beginning of the super-outburst,
PTF1J0719+4858 returned to quiescence.

The recurrence time was significantly different between
the two super-cycles we observed. We approximate (as-
suming the behavior of the super-outburst itself is the
same) that the recurrence time from the first super-
outburst to the second was 65 days. However, the recur-
rence time from the second super-outburst to the third is
greater than 78 days (this uncertainty is due to weather
impacting our observations).

Between super-outbursts, we observed normal out-
bursts in PTF1J0719+4858, which have also been iden-
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