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ABSTRACT

We present Spitzer photometry of six short-period polars, EF Eri, V347 Pav, VV Pup, V834 Cen, GG Leo, and
MR Ser. We have combined the Spitzer IRAC (3.6—8.0 m) data with the 2MASS JHK photometry to construct the
SEDs of these systems from the near- to mid-IR (1.235—8 pm). We find that five out of the six polars have flux
densities in the mid-IR that are substantially in excess of the values expected from the stellar components alone.
We have modeled the observed SEDs with a combination of contributions from the white dwarf, secondary star, and
either cyclotron emission or a cool, circumbinary dust disk to fill in the long-wavelength excess. We find that a cir-
cumbinary dust disk is the most likely cause of the 8 um excess in all cases, but we have been unable to rule out the
specific (but unlikely) case of completely optically thin cyclotron emission as the source of the observed 8 ym flux
density. While both model components can generate enough flux at 8 um, neither dust nor cyclotron emission alone
can match the excess above the stellar components at all wavelengths. A model combining both cyclotron and dust
contributions, possibly with some accretion-generated flux in the near-IR, is probably required, but our observed
SEDs are not sufficiently well sampled to constrain such a complicated model. If the 8 m flux density is caused by the
presence of a circumbinary dust disk, then our estimates of the masses of these disks are many orders of magnitude

below the mass required to affect CV evolution.

Subject headings. infrared: stars — stars: low-mass, brown dwarfs — stars: magnetic fields

1. INTRODUCTION

Cataclysmic variables (CVs) are semidetached binary systems
consisting of a white dwarf (WD) primary star that accretes ma-
terial from a low-mass secondary star, with typical orbital periods
of Py, < 1 day. Due to its large specific orbital angular momen-
tum, the mass lost from the secondary star does not fall directly
onto the WD. In most CVs, it instead settles into a disk around
the primary star before losing enough angular momentum through
viscous processes to finally accrete onto the WD. The release of
gravitational potential energy in the disk causes it to be, by far, the
brightest component of a CV over a wide range of wavelengths.
On the other hand, polars (or AM Her stars, after the prototype) are
CVs containing a WD with a strong (B > 10 MG) magnetic field.
The matter lost from the secondary star is captured by the field
lines and funneled onto the magnetic pole(s) of the WD. The in-
falling matter is shocked as it nears the surface of the WD, ra-
diating over most of the electromagnetic spectrum from X-rays
to infrared. Observational characteristics and types of CVs are
extensively reviewed by Warner (1995).
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Polars are highly variable, both at a low level (usually
~1-2 mag) over their orbital periods as the geometry of the sys-
tem changes along the line of sight and on much longer time-
scales with much greater changes in luminosity (up to ~4 mag).
Until recently, polars were generally thought to hover around a
maximum brightness, occasionally switching into relatively short
low states, with no preferred minimum brightness for a given sys-
tem. The cause of these low states is not fully understood but is
possibly due to the presence of star spots on the surface of the
secondary star passing across the L1 point and suppressing mass
transfer into the Roche lobe of the WD (Hessman et al. 2000).
The resultant lowered accretion rate leads to a period of lower lu-
minosity until the star spot has moved away from the L1 point
and normal mass transfer resumes. More recently, however, a
number of polars have been seen to hover in low states (Gerke
& Howell 2006; Araujo-Betancor et al. 2005), suggesting that
the true cause of the accretion state changes in these CVs is more
complex than previously believed.

The secular evolution of CVs is driven by the loss of orbital
angular momentum, which causes the separation of the two
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component stars (and, hence, their orbital period) to continu-
ally decrease. While the secondary star radius decreases with
mass loss, this simultaneous draining of angular momentum
from the system keeps it in contact with its Roche lobe and
enables the ongoing transfer of matter to the WD. Observa-
tionally, this results in CVs with shorter orbital periods having
secondary stars with correspondingly later spectral types (i.e.,
lower masses). Eventually this ongoing mass loss from the sec-
ondary star causes it to drop below the hydrogen-burning limit,
and the secondary star becomes a degenerate brown dwarf—like
object. This change in the internal structure of the secondary star
causes its radius to increase in response to further mass loss. This,
in turn, results in a reversal of the trend of orbital period change,
leading to a gradual increase in both Py, and binary separation.
This is believed to be responsible for the observed minimum or-
bital period of CVs at Py, ~ 80 minutes (Paczynski & Sienkiewicz
1981; Rappaport et al. 1982; Howell et al. 2001).

Population synthesis studies predict that the secondary stars in
~70% of all CVs should have evolved past the hydrogen-burning
limit (e.g., Kolb 1993; Howell et al. 1997). Littlefair et al. (2003)
reviewed all relevant observational data and analyses in the litera-
ture and concluded that while there is plausible indirect evidence
for the existence of brown dwarf secondary stars in 39 systems,
none of these had a reliable secondary star mass estimate or ac-
curate enough spectral type to be certain. More importantly, they
concluded that even if all of the potential candidates do indeed
contain brown dwarf secondary stars, this only amounts to about
10% of all CVs, a huge deficit compared to the predicted 70% of
CVs. Consequently, it has become very important to ascertain
the number of systems, if any, containing brown dwarf second-
ary stars, in order to place limits on our theories of CV population
age and evolution.

Here we present Spitzer Space Telescope photometry of six
polars that were identified as having very short orbital periods
(Pory < 90 minutes) and/or very red Two Micron All Sky Survey
(2MASS) colors (Hoard et al. 2002). This, along with other
published evidence (e.g., compiled by Littlefair et al. 2003),
suggests that they are good candidates for containing brown
dwarf secondary stars. Our Spitzer observations were intended to
enable us to unambiguously classify the spectral type of the
secondary star by isolating its contribution to the mid-IR flux.
However, as shown in Howell et al. (2006c, hereafter Paper I),
even in the mid-IR the signature of the low-mass secondary star
in these polars is contaminated by excess emission beyond the
level expected from the stellar components. In this paper we ex-
plore in detail the possible origins of the mid-IR emission in mag-
netic CVs.

Preliminary results for four of our targets (EF Eridani, GG
Leonis, V347 Pavonis, and RX J0154.0—5947) were presented
in Paper 1. The first three are presented again here with more
extensive modeling for completeness of our entire sample of
polars, but RX J0154.0—5947 is poorly studied and too little is
known about its system parameters to warrant the more detailed
modeling in this paper (in addition, it is the faintest of our polars;
see Paper I). In addition, we present the first results from Spitzer
mid-IR observations of the polars V834 Centauri, VV Puppis,
and MR Serpentis.

2. OBSERVATIONS AND DATA REDUCTION

All of our mid-IR observations were obtained with the In-
frared Array Camera (IRAC; Fazio et al. 2004) on the Spitzer
Space Telescope (Werner et al. 2004). A log of the observations
can be found in Table 1. The images were reduced and flux-
calibrated with the S12 version of the Spitzer IRAC pipeline and

TABLE 1
Loc oF OBSERVATIONS WITH THE Spitzer Space Telescope

Observation Date Total Exposure Time

Polar AOR Key (UT) (s)
V834 Cen...... 10191360 2005 Jul 16 20
EF Eri............ 10185984 2005 Jan 17 300
GG Leo......... 13532160 2005 May 06 120
V347 Pav ...... 13531648 2005 Aug 19 300
VV Pup......... 10191872 2004 Nov 26 120
MR Ser.......... 10188288 2005 Mar 27 20

downloaded from the archive as basic calibrated data (BCD). We
obtained five BCD frames per object per wavelength channel,
dithered with the medium-scale Gaussian pattern. The IRAC chan-
nels have central wavelengths of 3.6, 4.5, 5.8, and 8.0 um for
channels 1-4, respectively. The BCD images were corrected
for array location dependency using the correction frames pro-
vided by the Spitzer Science Center. The frames were then com-
bined with dual-outlier rejection to produce a mosaicked image
for each channel using the Spitzer Science Center mosaicking
software, MOPEX.!

We then performed IRAF? aperture photometry on the mo-
saicked fields using an aperture size of 2.5 pixels. These results
were subsequently corrected to an aperture size of 10 pixels us-
ing aperture corrections derived from 46 isolated sources in our
fields. The values of the aperture correction factors are 1.190,
1.199, 1.211, and 1.295 for channels 1-4, respectively. From ex-
perience we found that the point response function (PRF) for the
IRAC arrays is not well modeled, and we obtained more consis-
tent results using aperture photometry than via PRF fitting. Sky
subtraction was tested in three different ways: (1) using a sky an-
nulus around the target, (2) using a sky region a short distance
from the target (only for the more crowded fields of EF Eri and
VV Pup), and (3) subtracting a median sky from the whole mo-
saic before performing the photometry. The three methods were
found to be consistent with each other. We extended the wave-
length coverage for our data set into the near-IR using archival
data from the 2MASS All Sky Point Source Catalogue (Skrutskie
etal. 2006). The 2MASS J, H, and K, magnitudes were converted
to flux density in mJy using the absolute calibration zero points
given in Cohen et al. (2003). All of the target photometry can be
found in Table 2, and the resultant spectral energy distributions
(SEDs) are shown in Figure 1.

2.1. Error Analysis

The only published attempts at rigorous error analysis for
IRAC photometry are by Lacy et al. (2005), who derived abso-
lute errors of 7%, 12%, 11%, and 12% for channels 1-4, respec-
tively, and by Reach et al. (2005), who carried out an absolute
calibration of the IRAC instrument. The analysis by Lacy et al.
(2005) was calibrated relative to corresponding 2MASS flux den-
sities in an effort to obtain an absolute uncertainty for the IRAC
colors. Those results therefore incorporate the uncertainties in
both the 2MASS photometry and the IRAC colors for their ob-
jects. As the absolute calibration for IRAC is likely to change as
more data are obtained, we performed our own error analysis to

! Mosaicking and Point-Source Extraction; see Makovoz & Marleau (2005)
and the IRAC Data Handbook for a comprehensive discussion of the MOPEX
package and the dual-outlier rejection algorithm.

2 The Image Reduction and Analysis Facility is maintained and distributed by
the National Optical Astronomy Observatory.



TABLE 2
MEeasURED 2MASS anp IRAC Frux DEensITIES (mJy)

J H K IRAC-1 IRAC-2 IRAC-3 IRAC-4

Polar (1.2 pm) (1.7 pm) (2.2 pm) (3.6 um) (4.5 pm) (5.8 pum) (8.0 um)
+0.16 +0.11 +0.13 +0.05 +0.06 +0.16 +0.15
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Fic. 1.—Observed SEDs for our six polars, from 2MASS to IRAC.
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FiG. 2.—Standard deviation of the flux densities in the five BCD frames vs. flux density measured in the mosaic for a number of isolated stars in our IRAC fields. The
solid line is a best-fit polynomial to the data. The dashed line is best fit plus rms of residuals (i.e., the 1 ¢ uncertainty on the fit).

determine the relative errors for our data, which can then be ad-
justed in the future to incorporate the absolute errors as they
become better known.

We performed aperture photometry on a number of isolated
stars in each field (including fields for targets other than our
polars), covering a wide range of flux densities. This was carried
out for both the mosaicked images and the five individual BCD
frames that were used to create each mosaic. The standard devia-
tion of the five individual BCD flux density measurements of
each test star was then plotted against the final flux density of the
star measured from the mosaic (see Fig. 2), in the expectation
that the standard deviation would decrease with increasing bright-
ness. We find that there is indeed a correlation between the stan-
dard deviation and the final flux density, but there is considerable
scatter around the best polynomial fit to the data (solid lines in

Fig. 2). To allow for this, we subtracted the polynomial fit from
the data, calculated the standard deviation of the residuals, and
added this to the best fit at each flux density to derive the total
error estimate as a function of flux density for each IRAC chan-
nel (dashed lines in Fig. 2). We adopt these uncertainties for all
future IRAC flux density measurements.

3. INFRARED SPECTRAL ENERGY
DISTRIBUTION MODELS

In Paper I we briefly discussed the likely contributions to
the IR SEDs of polars from a number of expected system com-
ponents. In this paper we present detailed physical models to
compare with our observed SEDs. The available model compo-
nents are described below, and we discuss the modeling results in
§ 4.
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TABLE 3
PoLAR SYSTEM PARAMETERS FROM THE LITERATURE
B (MG)
Por i Twp SECONDARY Mwp M, DisTaNCE

PoLAr (minutes) (deg) (1000 K) SpECTRAL TYPE (M) M) (pc) Dipole Pole 1, Pole 2
V834 Cen...... 101.517 [20] 50(10) [17] 14.3(0.9) [1] M7.5-8.5 [10] 0.66(18) [17] 0.06 [21] 1443? [1] 23 [4]
EF Eri............ 81.022932(8) [11]  55(5) [11] 9.5(0.5) [2] M6+/L4-5 [2,7] 0.6 [2] 0.055 [9] 42-120 [2,7] 13.8 [9] 16.5, 21 [5]
GG Leo.......... 79.87946(7) [3] 50-60 [3] 8—12 [3] M5+ [3] 1.13(3) [14] 0.09 [3] 100-300 [3] 20-30 [3] ..
V347 Pav ...... 90.082219(52) [14] 64-72 [12] 11.870¢ [1] 1.00(6) [14] 0.16 [13] 17113 [1] 15,20 [12]
VV Pup......... 100.436 [20]  78(5) [20] 11.9f8:§ [1] M7 [8] 0.73(5) [8] 0.10(2) [8] 1293? [8] 32,...[18]
MR Ser.......... 113.46890(14) [15] 50(5) [19] 14.2(0.9) [1] M5-8 [16, 6] 0.7 [20] 0.1 [20] 16022 [1] 28 [20] 24.5,...[20]

Nortes.—With the exception of distance and secondary star spectral type, the values of these parameters are held constant during our modeling. When there is a formal
uncertainty or range of values listed here, the fixed value used in the models is the nominal or midpoint parameter value, respectively.

REeFERENCES.— (1) Araujo-Betancor et al. 2005; (2) Beuermann et al. 2000; (3) Burwitz et al. 1998; (4) Ferrario et al. 1992; (5) Ferrario et al. 1996; (6) Harrison et al.
2005; (7) Howell & Ciardi 2001; (8) Howell et al. 2006a; (9) Howell et al. 2006b; (10) Mennickent et al. 2004; (11) Piirola et al. 1987; (12) Potter et al. 2000;
(13) Ramsay et al. 1996; (14) Ramsay et al. 2004; (15) Schwope et al. 1991; (16) Schwope et al. 1993a; (17) Schwope et al. 1993b; (18) Wickramasinghe & Meggitt
1982; (19) Wickramasinghe et al. 1991; (20) http://cvcat.net and references therein; (21) calculated from other parameters (see text).

3.1. Initial Values of Model Parameters

Our basic model includes several components (see below),
each specified by a number of parameters (size, temperature, mass,
etc.). We have held constant the values of as many as possible of
these parameters using information obtained from various liter-
ature sources for each target (see Table 3). Known relationships
between physical parameters were used to infer the values of
additional parameters from an observationally determined one;
for example, given a WD mass based on observational data, we
used the mass-radius relation for a magnetic, carbon core WD
with v = 0.1 from Suh & Mathews (2000) to calculate the corre-
sponding WD radius. Radii and temperatures corresponding to a
given secondary star mass and spectral type were obtained from
Cox (2000) and Pont et al. (2005). In the absence of measured
physical parameters in the literature, substellar (i.e., L type)
secondary stars were assumed to have M, = 0.08 My, R, =
0.1 Ry, and T, = 1500—2000 K (with higher temperature cor-
responding to earlier L spectral type; Kirkpatrick et al. 1999).
In addition, parameters relating to the geometry of the CV (bi-
nary separation, Roche surfaces, etc.) were calculated via the
well-known Roche potential relations (e.g., Kopal 1959, 1969,
1970) that depend primarily on component masses and the or-
bital period and can be solved numerically by utilizing an itera-
tive approach (see Fig. 3).

The masses and radii of the secondary stars in our models are,
to first approximation, consistent with filling their Roche lobes;
however, whether or not the Roche lobe is filled is extremely
sensitive to small changes in the mass or radius of both the WD
and secondary star. We expect that the masses and radii of the
component stars, which we have obtained from the literature or
calculated as described above, are not exactly known. Conse-
quently, we have generally not been overly concerned with ensur-
ing that the model secondary stars precisely fill their calculated
Roche lobes for a given CV system geometry. In a couple of cases,
the secondary star spectral type required in the model that best
reproduces the observed SED is not consistent with the mass es-
timates from the literature. In these cases, we suggest that either
the mass estimates are inaccurate or we are encountering the
well-known issue of the wide range of observed masses for each
spectral type of CV secondary star (e.g., Smith & Dhillon 1998).

3.2. The White Dwarf

The contribution of the WD primary star is simulated using a
simple blackbody curve corresponding to the temperature of the
WD, scaled to the WD size and distance to the CV. Although, in

detail, the SEDs of WDs are not identical to those of blackbodies,
the falling Rayleigh-Jeans tail of the blackbody curve in the IR
is a reasonable approximation to the long-wavelength SED of a
WD. In any case, the largest WD contribution is typically only a
few percent of the total observed flux density at the shortest IR
wavelength (i.e., 2MASS J band) and falls off rapidly to longer
wavelengths.

3.3. The Secondary Star

The contribution of the secondary star is represented by
choosing an empirical infrared SED template composed of JHK
(2MASS) and 3.6, 4.5, 5.8, and 8.0 um (IRAC) observations of
anumber of M, L, and T dwarfs (Patten et al. 2006). The Patten
et al. (2006) sample includes stars of the following spectral types:
M3.5, M5, M5.5, M6.5, M7, M8, M9, L0, L1, L2, L3, 14.5, L6,

60

40

20

Y (WD radii)
o
.

—60 -40 =20 0 20 40 60
X (WD radii)

Fic. 3.—Sample model system geometry of EF Eri (face-on, to scale) for the
model shown in Fig. 4a and described in the text. The center of mass (marked
with a cross) is at the origin, and the outer Lagrangian points are shown as plus
signs. The WD is the small filled circle, and the secondary star is the large hashed
area. The secondary star fills its Roche lobe; the Roche lobe of the WD is shown
as a dashed line. The solid circle surrounding the CV is the inner edge of the cir-
cumbinary disk.
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L8, T0.5, T4.5, TS, T7, and T8. We caution that the sample in-
cludes only field stars, rather than stars in binaries that are subject
to irradiation and mass transfer effects, and so may not exactly re-
liably reproduce the SED of a CV secondary star. In comparisons
made, however, it has generally been shown that CV secondary
stars do not deviate significantly from their isolated counterparts
(e.g., Smith & Dhillon 1998), and there is a long history of using
field dwarfs to approximate the secondary stars in CVs. We also
point out that no models of CV secondary stars exist at IRAC
wavelengths, and therefore we use these templates as a first ap-
proximation. We compiled the distances to each of the template
stars from various literature sources in order to transform all of
their observed flux densities to a standard distance of 10 pc. Al-
most all of the template stars have distances measured via trig-
onometric parallax. The most distant template star is located at
~27 pc, but 60% of them are closer than 10 pc.

We then performed a linear interpolation between adjacent
observed spectral types in the M, L, and T groups, separately at
each of the seven wavelengths, in order to “fill in”” the SEDs of
the spectral sequence in steps of 0.5 in spectral type. The observed
data for spectral types of M5.5, L2, and TS from the Patten et al.
(2006) sample were not used in the interpolation process because
they showed anomalous flux densities at all wavelengths com-
pared to the relatively smooth transitions between adjacent spec-
tral types seen for the remaining stars. Possible explanations for
this include errors in the published distances or spectral type clas-
sifications for these stars, or they may possibly just be anomalous
examples of their spectral type. We used interpolated SEDs to
replace the observed SEDs for the three anomalous stars.

In all cases, Patten et al. (2006) estimate the uncertainties in
the template flux densities as less than 2%. Transformation to the
standard distance will have increased this uncertainty by a few
percent, up to ~10%—15% in the worst case. All of our final
model flux densities will be transformed to d = 10 pc using the
distances to each of the polars (either as a fixed, known value
or as a free model parameter; see § 3.1) in order to utilize these
empirical low-mass stellar template SEDs as a model component.

3.4. Cyclotron Emission

As described in Paper [, we expect from a theoretical basis that
cyclotron emission should be relatively unimportant as a contrib-
utor to the mid-IR SEDs of our polars, especially at the longest
wavelengths. There is also empirical support for this claim. For
example, Dhillon (1998) found “no evidence of cyclotron humps”
in the K-band IR spectrum of MR Ser. The “worst-case” scenario
occurs for EF Eri, which has the lowest magnetic field strength
of our sample of polars, with the cyclotron fundamental occur-
ring at A =~ 8 um. Yet, Ferrario et al. (1996) found only very weak
(amplitude <1 mlJy) cyclotron features at the red end of their
1-2.4 pum spectrum of EF Eri, a result that is also supported by
the K-band spectra of Harrison et al. (2004), who found only
a very weak cyclotron hump longward of 2 pm, with stronger
features only at shorter wavelengths.

In order to include a model component representing cyclotron
emission, we first calculated a representative profile as a function
of wavelength. The shape of the cyclotron emission profile for
a given field strength (which is a sum over harmonics) initially
rises as v? before falling off rapidly with increasing frequency
after the transition from optically thick to optically thin at some
harmonic 1 < m < 10 (Lamb & Masters 1979; Cropper 1990;
Frank et al. 2002). All of our polars except EF Eri have the cy-
clotron fundamental shortward of 1 ~ 4—6 um, and we included
the first 20 harmonics (which extends well into the optical re-
gime in all cases). The corresponding profile of the cyclotron

Vol. 659

emission is strongly affected by a change in the transition har-
monic from a value of m = 1, but the difference in the observed
profiles for values of m > 2 is relatively small. In general, the
wavelength of the peak of the cyclotron emission component
shifts shortward in proportion to 1/m as m increases. So, at small
(large) values of m, there is more cyclotron emission at longer
(shorter) wavelengths in the model SED. When m 2 3, we expect
to see only the initial rising (toward shorter wavelength) power-
law part of the cyclotron profile in the mid-IR SEDs of our polars.
We investigate two cyclotron emission scenarios in our models,
one in which the transition harmonic is at m = 1 or 2 (i.e., ap-
proximately completely optically thin emission) and another in
which m > 3 (i.e., partially optically thick emission).

Electrons approaching the WD experience a successively stron-
ger magnetic field as their distance decreases. Thus, it is more ap-
propriate to consider the cyclotron emission as a sum over
emission components for a range of field strengths. In order to
approximate this effect, we recalculated the cyclotron profile in
1 MG steps from 1 MG to the specified surface field strength.
Each profile was scaled by the distance-dependent factor de-
scribed in § 3.1 of Paper I (to account for the change in electron
density and temperature with distance from the WD). All of the
profiles were then added together to obtain the final cyclotron
emission profile for a given field. For the same surface field
strength (B), the “sum-over-field-strengths” prescription gen-
erally results in more cyclotron flux at longer wavelengths than
in the single-field case. It also produces a cyclotron “pseudo-
continuum,” which tends to smooth over individual cyclo-
tron humps (we already do not expect to see a strong signature
of cyclotron humps in our model SEDs due to the poor spec-
tral resolution of our data, which is matched in the model
calculations).

The final parameter for the cyclotron component is a scale
factor, which is multiplied with the model profile to match the
observed flux densities. This model component is the only non-
physical component, in the sense that the absolute flux level is
not predicted solely from other physical parameters ( like temper-
ature, distance, etc.). However, we are able to strongly constrain
the scale factor for the cyclotron component because when it is
combined with the WD and secondary star components, the total
cannot exceed any of the observed flux densities.

3.5. The Circumbinary Dust Disk

The presence of a combination of optically thick and optically
thin dust was first proposed by Berriman et al. (1985) as an ex-
planation for the IR luminosity in CVs. Initial evidence for the
likely presence of dust in several polars observed with Spitzer
was described by us in Paper I. We now approach this analysis in
more detail by including a realistic estimate of dust emission as a
component in our SED model.

There are several possible origins for dust in CVs, includ-
ing (1) remnant dust produced during the common envelope
phase and ejected from the binary with some angular momen-
tum, (2) dust lost from the accretion flow and ejected from the
binary, (3) dust produced in the mass outflows during repeated
nova or dwarf nova outbursts that does not escape from the grav-
ity of the binary (e.g., Ciardi et al. 2006), and/or (4) dust pro-
duced over long timescales in the mass outflow of a wind from
the accretion disk and/or WD (for further discussion of the
possible origin of circumbinary dust in CVs see Taam & Spruit
2001; Spruit & Taam 2001; Taam et al. 2003; Dubus et al. 2004;
Willems et al. 2005).

Dust that is located outside the Roche lobes of the stellar com-
ponents in a CV should settle into a relatively cool, geometrically
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thin disk (Spruit & Taam 2001; Taam et al. 2003; Belle et al.
2004; Dubus et al. 2004). There is a growing body of observa-
tional evidence for circumbinary dust disks in both post-AGB
binary systems ( Van Winckel 2004; De Ruyter et al. 2005, 2006)
and pre—main-sequence binary stars (Hartmann et al. 2005). The
detection of crystalline silicates in these circumbinary dust disks
has been interpreted as an indicator of the long lifetimes of the
disks (Hartmann et al. 2005; Deroo et al. 2006). As there is
no previous observational evidence of circumbinary dust disks
around CVs, it is impossible to say whether they have a similar
longevity. However, the assumed temperature and density of the
circumbinary disks are approximately an order of magnitude too
low for significant sputtering of the grains (Burke & Silk 1974),
and if we assume that they are similar to those observed around
other binary systems, then the dust disks will require little or no
replenishment. The total minimum mass of dust that must be
ejected from the system in order to form a circumbinary disk is
therefore relatively small (approximately the mass of a large as-
teroid). This assumes that the dust is formed in the inner system
prior to ejection, most likely in the outer atmosphere or wind
of the low-mass secondary star (Lunine et al. 1989; Allard et al.
2001; Leggett et al. 2002; Tsuji 2002); the probability of the dust
forming in situ in the disk itself is extremely low, as the dust for-
mation mechanism requires high gas densities and, therefore,
would require a high mass transfer rate from the inner binary sys-
tem into the disk (Berriman et al. 1985).

Recently, Muno & Mauerhan (2006) reported the discovery of
a Spitzer IRAC mid-IR excess around several low-mass X-ray
binaries (LMXBs), which they interpret as evidence for circum-
binary dust disks with almost identical characteristics to the ones
we model in this paper. Searches for dust disks around CVs have
so far failed to uncover any direct evidence for their existence
(e.g., Belle et al. 2004). In most CVs the circumbinary dust disk
flux in the IR (if present) is likely to be overwhelmed by radiation
from the cool outer regions of the accretion disk (or even the
bright, early spectral type secondary star in long orbital period
systems). In that regard, polars may be the only type of CV in
which the flux contribution from cool dust can be detected. De-
spite the lack of direct observational evidence, the existence of
circumbinary disks in CVs has been suggested as the explanation
for both the high mass transfer rate in some systems and the
observed lack of pileup of systems with orbital periods near the
period minimum (Spruit & Taam 2001; Taam & Spruit 2001;
Taam et al. 2003; Willems et al. 2005). However, as described in
more detail in § 5, the estimated total masses of our model cir-
cumbinary disks are likely too small to influence CV evolution as
described in the papers cited above.

For inclusion as a component in our SED model, we initially
make the assumption that the circumbinary dust disk is optically
thick, as this presents a computationally simpler case and even
(as described in Dubus et al. 2004) might be the most appropriate
case for dust disks in CVs. For completeness, however, we also
consider the case of an optically thin dust disk.

3.5.1. The Optically Thick Case

Our optically thick, geometrically thin dust disk model for the
polars is based on the description of the expected properties of
circumbinary disks in CVs given in Dubus et al. (2004). We do
not consider the case for a warped or flared dust disk as our small
number of data points cannot support the extra parameters re-
quired to model anything more complex than the geometrically
thin case. We utilize the analytic solution for an optically thick
dust disk radial temperature profile and corresponding integrated
flux density derived in Jura (2003), Becklin et al. (2005), and ref-
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erences therein. In particular, equation (1) from Jura (2003) pro-
vides the temperature profile of the disk:

_— 2 1/4 R, 3/4T |
disk ~ E T * ()

where T, and R, are the temperature and radius of the central
irradiating star, respectively, and Ty;s is the resultant tempera-
ture of the disk at radial distance r. Equation (2) from Jura (2003)
provides the integrated flux density, Fyjsk:

2mwcosi

Fisk = T/, B, (Taisk)r dr, (2)

where 7 and d are the system inclination and distance, respec-
tively, ri, and roy are the inner and outer radii of the disk, and B,
is the Planck function. In this formulation, the dust disk is as-
sumed to be optically thick but geometrically thin (i.e., with
negligible height), so the integrated flux density originates only
from the visible surface of the disk (with no contribution from
the negligibly tall disk rim).

In principle, the optically thick dust model is not sensitive to
the exact properties of the dust grains (size, composition, etc.), as
long as the grains are assumed to uniformly (re)radiate as black-
bodies. The exponent on the radius dependence in the equation
for the disk radial temperature profile, however, does have some
implication for the assumed properties of the dust grains. A large
exponent leads to lower temperatures near the inner edge of the
disk, which corresponds to large dust grains that cool efficiently.
Conversely, a small exponent leads to higher temperatures near
the outer edge of the disk, which corresponds to small dust grains
that do not cool efficiently. In practice, we have found that an
exponent of 3, as used in equation (1), is the only value that pro-
duces viable results. Larger exponents produce disk SEDs that
rise too shallowly at longer wavelengths and are, overall, too
faint to match the observed mid-IR flux densities without arbi-
trarily increasing the temperature of the disk’s inner edge far
beyond what could be produced by the irradiating stars. Smaller
exponents produce disk SEDs that rise too steeply and are, over-
all, too bright to reproduce the observed SEDs without arbitrarily
increasing the distances to the CVs to many hundreds or thou-
sands of parsecs. Departure from an exponent of % implies non-
blackbody grains, which are further discussed in § 3.5.2.

The disks considered by Jura (2003) and Becklin et al. (2005)
are around isolated WDs (G29-38 and GD 362, respectively).
There are a number of differences that must be considered when
applying this model to a circumbinary disk in a CV system. First,
the disk will be centered around the center of mass of the CV in-
stead of the WD. In the case of a low-mass (potentially substel-
lar) secondary star, the difference between the center of the WD
and the center of mass of the CV is relatively small (<10% of the
binary separation). Second, the inner edge of the disk will be much
farther from the WD. In the WD disk models, the inner edge of the
disk is typically located at a few to ~10 WD radii. However, in the
case of a circumbinary disk, the inner edge is, by definition, lo-
cated outside the Roche lobes of the stellar components. We as-
sume an inner radius for the circumbinary disk equal to the tidal
truncation radius at 1.7 times the separation of the stellar com-
ponents in the CV (Dubus et al. 2004). For our short orbital
period polars, this typically corresponds to 7y, = 100Rwp. The
outer edge of the disk is calculated to correspond to a temper-
ature of 20 K using equation (1). This typically corresponds to
~(0.5-2) x 10* WD radii for our polars, but in reality, the radius
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of the outer disk has a negligible effect on the model flux densi-
ties at the IRAC wavelengths and serves only as a conservative,
consistent cutoff value. Third, we must consider irradiation heat-
ing of the disk from not only the WD but also the secondary star.
For example, for a typical short-period CV composed of a WD
with temperature Twp = 10,000 K and radius Ryp = 0.01 Rg
and a low-mass secondary star with 7, = 3000 K (i.e., 0.37wp)
and radius R, = 0.1 R, (i.e., I0Rwp), the ratio of total luminos-
ities (given by L o< R2T*)is Ly/Lwp = 0.8. Thus, the total lumi-
nosity of the secondary star is comparable to that of the WD.

Unfortunately, the additional contribution from the secondary
star makes our consideration of the heating of the circumbinary
disk more complex because the secondary star is much farther
from the CV’s center of mass (i.e., the center of the circumbinary
disk) than the WD and so is, at any instant, closer to the inner
edge of the circumbinary disk. However, under the assumptions
that the disk inner edge radius is large compared to the binary
separation (see above) and that the orbital period is short (so, on a
time-averaged basis, all parts of the disk “see” the secondary star
equally), we neglect the offset of the secondary star and assume
that all disk irradiating sources are located at the center of mass.

Using the typical CV parameters listed above with Py, =
90 minutes and stellar component masses of Myp = 0.6 M and
M, = 0.1 M, the circumbinary disk will have an inner edge
radius of Ry, = 100Rwp. Assuming only heating from the WD,
equation (1) predicts an inner edge temperature of T;, =~ 200 K.
If only the secondary star is considered as the heating source,
then we get Ti, ~ 350 K. We have considered two methods for
estimating the temperature of the circumbinary disk’s inner edge
that is likely to result from heating by both stellar components in
the CV. The first method is to simply add together the inner edge
temperatures predicted by heating from each of the stellar com-
ponents individually. This would give T;, ~ 550 K for the typ-
ical CV parameters described above. The second method is to
calculate a single “equivalent” star with radius Requiy that is equal
to the quadrature sum of Rwp and R, and temperature 7¢q,iy Such
that Lequiy = RezquivT etuiv is equal to the sum of the individual lu-
minosities of the WD and secondary star. For the system param-
eters listed above, this gives Ti, =~ 450 K. Given the uncertainty
in estimating the likely heating effect of both stars and the fact
that both of our suggested methods yield similar temperatures,
we have used the circumbinary disk inner temperature as a free
parameter in our model SED calculations. However, we have
constrained T, to be within approximately 200 K of the value
predicted for heating by a single equivalent star (i.e., the second
method described above).

3.5.2. The Optically Thin Case

The basic structure of an optically thin circumbinary dust disk
is identical to that in the optically thick case: it is geometrically
thin and heated by irradiation from both stellar components, both
of which are assumed to be located at the system center of mass.
Our model is based on two main assumptions: first, that each dust
particle (re)radiates as a blackbody, and second, that all of the
particles are “seen” by the observer (i.e., there is no eclipsing
of the disk by the stellar components and every one of the grains
contributes to the total flux density). The former condition is not

3 Fortunately, since polars lack an accretion disk, we do not have to consider
this additional potential irradiating source. In principle, the accretion spot(s) at the
WD magnetic pole(s) could be considered as additional discrete sources of irra-
diation; however, unless the magnetic axis is aligned very close to the WD equa-
tor, the geometrically thin circumbinary disk will not “see” the geometrically
small accretion spot(s).
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an unreasonable assumption since the inner disk radius is set
at the tidal truncation radius, well away from the stellar compo-
nents. We use the same disk temperature profile from Jura (2003)
and Becklin et al. (2005) as we use in the optically thick case,
with an outer disk radius corresponding to an outer disk temper-
ature of T, = 20 K, also as used in the optically thick case. We
assume that the disk has a constant volume density throughout,
so the volume of material at any temperature (radius) in the disk
increases with falling temperature (increasing radius). We used a
fixed grain radius of 10 um, which was suggested by Jura (2003)
as the minimum grain size for dust debris disks around main-
sequence stars, and a fixed dust grain density of 3 gcm 3. In fact,
the exact values of the dust grain parameters that we use have
little effect on the resultant model SED of the dust disk; for ex-
ample, if we change the grain size (thereby reducing the availa-
ble radiating surface area in the disk), then the required luminosity
to match the observed SED can still be achieved by changing one
of the other disk parameters, such as the volume density of the
dust.

In all cases, we kept the disk thickness and volume density as
low as possible to ensure that the disk remained optically thin;
however, this was very difficult to quantify. The optical depth of
the dust is given by

T = KepS, (3)

where K, is the mass absorption coefficient, p is the volume den-
sity of the dust, and S is the column length along the line of sight.
The mass absorption coefficient is a function of dust composi-
tion, grain size and shape, dust temperature, and the frequency
of the incident radiation. As a result, it is usually quoted in a
frequency-dependent form, «,. It is highly temperature sensitive
but extremely poorly studied for temperatures above ~300 K, as
all of the literature on this subject deals with the cool interstellar
medium and there are no published values of «,, at the tempera-
tures found in our disks. Even the theoretically calculated values
for the relatively well-studied low temperatures vary by a factor
of 30, from 0.002 to 0.10 cm? g~ ! (Draine 1989). As a result, we
have no certain way of testing the optical depth of our disks, but
we adopted a simple, generic relation in an attempt to quantify
our values:

Ky = 0.1(v/10"2 Hz)” om? g™, (4)

which is the general form given in Beckwith et al. (1990). The
value of 8 depends on the growth shape of the grains: spheroidal
grains will have a higher value of 3 than fractal ones (for an in-
depth discussion of these effects see Beckwith et al. 1990). We
follow the example of Beckwith et al. (1990) and accommodate
the uncertainty in the grain shape by adopting the general rela-
tion given above for k, with § = 1. In any case, the volume den-
sity, and therefore the optical depth, of the disk is dependent on
the disk temperature profile, the grain size and mass density, and
the inner and outer radii of the disk. Any calculation of the true
optical depth of the disk requires better constraints on all of these
parameters.

When the presence of dust can explain the long-wavelength
end of a polar SED, we generally have been unable to differenti-
ate between the optically thick and thin circumbinary dust disks:
because of the number of available parameters used to describe
each type of disk, we can produce qualitatively similar model
SEDs using either type of disk. Thus, in the remainder of this
paper we generally only discuss the less complex optically thick
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case, with the exception that we consider an estimate of the total
dust mass from the optically thin case (see § 5).

4. MODELING RESULTS

We emphasize that we have seven data points in each of our
SEDs, only four of which (from IRAC) are in the mid-IR. Con-
sequently, our modeling results are intended to illustrate general
trends in polars as a class rather than provide a specific, detailed
representation of each of our target polars. In general, we started
each model by including best estimates for the WD and second-
ary star components, then attempted to fit the observed 8 um flux
density through the addition of either cyclotron or dust emission,
without exceeding the observed flux density at any shorter wave-
length. In reality, these systems could (and likely do) include
contributions from both cyclotron and dust emission, but we
have too few data points to constrain such a complex model in
any meaningful way. However, as described in detail in the fol-
lowing sections, success at reproducing the observed 8 pm point
with a particular model configuration while simultaneously not
exceeding the observed flux densities at shorter wavelengths can
allow us to rule out cyclotron emission (often) or dust (occa-
sionally) as a dominant contributor at the long-wavelength end
of the observed SEDs.

Because of the relatively small number of observational con-
straints compared to the degrees of freedom in the models, op-
timization of model parameters was accomplished via manual
testing. In general, the values of the model parameters can be
varied within a range of about £5%—10% and will still produce a
model SED of comparable quality to the “best” cases discussed
below. For convenience in discussing our results, we divided the
targets into three classes based on observed SED morphology.
Class I contains EF Eri and V347 Pav, which have SEDs in
which the IRAC portion is brighter than the 2MASS portion.
Class II contains VV Pup, whose SED is most similar in shape
to a falling Rayleigh-Jeans—like tail and may be dominated by
the secondary star. Class III contains V834 Cen, GG Leo, and
MR Ser, which have SEDs in which the 2MASS portion is
bright and falls steeply toward long wavelengths but the IRAC
portion is relatively flat. We now discuss our modeling results
for the polars in each of these classes.

4.1. Class I: Bright IRAC

The two polars in this class have oddly shaped SEDs com-
pared to the other four polars in our sample. Specifically, the
IRAC portion of the SED, while still approximately flat at the
longest wavelengths, is brighter than the 2MASS portion (see
Fig. 1). This possibly stems from another potential complication
to the interpretation and modeling of our polar SEDs, namely,
that polars are highly variable objects. Their brightness changes
dramatically on irregularly spaced long timescales (weeks to years)
between high and low accretion states (by up to a few magnitudes)
and over their orbital period (by as much as 2 mag). In order to
best compare the nonsimultaneous 2MASS and IRAC measure-
ments for our targets, we attempted to determine both the ac-
cretion state and orbital phase of each of the polars at the times of
both sets of measurements.

We used flux measurements from the literature and long-term
light curves from the American Association of Variable Star
Observers (AAVSO) to check the accretion state of the polars. Of
our six targets, we were only able to definitively confirm that one
(EF Eri) was in the same accretion state (low) during both the
2MASS and Spitzer observations. We suspect that at least three
ofthe systems (V834 Cen, GG Leo, and MR Ser, i.e., the class III
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objects) were in high accretion states during the 2MASS obser-
vations because of the steepness of the 2MASS portion of their
SEDs, which may be indicative of the falling Rayleigh-Jeans—like
tail of accretion-generated luminosity. The 2MASS—IRAC SED
transition in VV Pup (i.e., the class II object) is very smooth,
which suggests that the data were obtained during the same
accretion state (regardless of which state). Light curves from
the AAVSO show that VV Pup was in a high state for the 2MASS
observations. There is no ground-based coverage at the time of
the Spitzer observations, but from the long-term light curve, it is
obvious that the system spends most of its time in a high state,
and the closest data points show no indication of the system
dropping into a low state at that time.

So far, there are no published orbital light curves of polars
in the mid-IR, so we have no evidence that the flux levels at the
IRAC wavelengths vary with the same phasing and/or amplitude
as in the optical or 2MASS wave bands, but for completeness we
consider this possibility. We used published ephemerides to de-
termine the orbital phasing of the 2MASS and IRAC data sets for
our targets and then used published optical or near-IR light curves
to estimate whether the orbital brightness states of those data sets
were comparable. Both EF Eri and V347 Pav were observed by
2MASS and Spitzer at significantly different orbital phases that
correspond to different orbital brightness states (in both cases,
the 2MASS data were obtained during a faint state, and the IRAC
data during a bright state). The other four targets were observed
by both 2MASS and Spitzer at similar orbital phases that corre-
spond to the same orbital brightness state, and so the results at all
wavelengths should be directly comparable. In the absence of
mid-IR orbital light curves, we have assumed that the ratio of
bright to faint flux density for the IRAC data is the same as ob-
served in the optical/near-IR. In any case, there are enough model
parameters to compensate for different bright/faint scale factors
(and, of course, if the mid-IR is shown in the future not to vary
over the orbital period like the optical /near-IR, then this contin-
gency can be discarded!). We note that even after attempting a
scaling correction, the SEDs for EF Eri and V347 Pav are mor-
phologically similar to each other but different from the other
classes we have defined (see §§ 4.1.1 and 4.1.2 for details). They
show flat IRAC SEDs like class II1, but the 2MASS portions of
their SEDs resemble class II.

4.1.1. EF Eridani

We selected EF Eri for our IRAC campaign due, in large part,
to its extremely red (J — K, > 2.5) 2MASS colors (Hoard et al.
2002), which exceed even the reddest IR colors for mid-L dwarfs
(Leggett etal. 2002). This CV was discovered as an X-ray source
by Gursky et al. (1978) and subsequently identified by Griffiths
et al. (1979) and Williams et al. (1979) as a probable AM Her
type. The magnetic nature of the system was confirmed by Tapia
(1979) from measurements of the linear and circular polariza-
tion, which he used to derive the very short orbital period of
Pop ~ 81 minutes, which was later refined by Piirola et al.
(1987).

EF Eri entered an extended low state in 1997, only emerging
back into a high state in 2006 March, and only remaining bright
for a few weeks before dropping back into the low state. The
low-state optical spectrum obtained by Wheatley & Ramsay
(1998) displayed only weak line and cyclotron emission, indicat-
ing that the low-state mass transfer rate is extremely small. Mod-
eling of this spectrum by Beuermann et al. (2000) set a limit of
M9 V or later for the secondary star spectral type and a distance
estimate of d = 100 % 20 pc (consistent with the upper limit of
d = 119 pc estimated from near-IR observations by Young &
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Fic. 4—Representative model SEDs for EF Eri showing the observed data ( filled circles), total model SED (solid line), and model components: the WD (dotted line),
the secondary star (short-dashed line), a circumbinary dust disk (long-dashed line), and cyclotron emission (dot-dashed line). (a) Circumbinary disk model; (b) cyclotron
model with m = 2; (c) cyclotron model with m = 3; (d) single-field cyclotron model with m = 5. See text and Table 4 for details.

Schneider 1981). Howell & Ciardi (2001) detected the secondary
star in K-band spectra with a spectral type of either M6 V or
L4-5, although it is impossible to tell whether the star has
dropped below the hydrogen-burning limit based solely on spec-
tral type, as the temperatures may depend on irradiation and
evolutionary history. Harrison et al. (2003) presented simul-
taneous multiwavelength optical and infrared photometry in
which they believed they detected a brown dwarf secondary
star in the H and K bands, but follow-up phase-resolved spec-
troscopy (Harrison et al. 2004) showed that the variability in
both bands is dominated by cyclotron emission throughout the
orbital cycle, most likely originating at both of the WD mag-
netic poles.

Recently, Howell et al. (2006b) determined an extremely low
mass for the secondary star in EF Eri (M, = 0.055 M,,), suggest-
ing that an L spectral type classification is, indeed, appropriate.
At a distance of d ~ 100 pc, the secondary star in EF Eri cannot
be earlier than L5.0, or the combined flux densities of just the
WD and secondary star will significantly exceed the observed
J-band point. Our model for EF Eri uses the WD parameters from
Beuermann et al. (2000) and the secondary star parameters from
Howell et al. (2006b) and assumes a spectral type of L5.0 for the
secondary star (see Table 3). We then combined this model with
an additional component representing cyclotron or dust emission
to explore the limiting cases for the ability of either mechanism
to explain the observed long-wavelength SED of EF Eri (without
exceeding the short-wavelength end).

Figure 4 shows representative model SEDs for EF Eri. The
model containing a circumbinary dust disk (Fig. 4a and model 1
in Table 4) can easily reproduce the observed 8 pum point but
significantly underestimates the observed flux densities at the

shorter wavelengths (except at the shortest wavelength, J band).
When the cyclotron transition harmonic is set to m = 1, the
cyclotron emission is essentially indistinguishable from the cir-
cumbinary disk component, so, in the case of completely op-
tically thin cyclotron emission, we cannot differentiate between
cyclotron or dust producing the 8 um emission. However, nei-
ther mechanism (on its own) can produce the high levels of
emission at shorter wavelengths without greatly exceeding the
8 pm point. We found this to be true in all of our polars, so we
do not mention it again in the discussion of our modeling results
and defer discussion of completely optically thin cyclotron emis-
sion to § 5.

Figure 4b (see model 2 in Table 4) shows the model SED hav-
ing a cyclotron component with transition harmonic at m = 2,
which best reproduces the observed long-wavelength end of the
SED but still underestimates both the short-wavelength end and
the 8 um point (even when the model 5.8 um flux density is
pushed to the upper uncertainty limit of the observed point at
that wavelength, as shown in the figure). Switching the cyclotron
component to increasingly optically thick configurations (e.g.,
m = 3; see Fig. 4c and model 3 in Table 4) recovers some of the
short-wavelength flux, but at the expense of substantially un-
derestimating the IRAC portion of the SED.

Up to now, we were using the sum-over-field-strengths pre-
scription for the cyclotron emission (see § 3.4). As shown in
Figure 4d (model 4 in Table 4), the single field strength approach
can approximately reproduce the bright observed H-band point
(at the expense of overestimating the J-band point) because the
cyclotron humps are not blended together into a pseudocontin-
uum as in the sum-over-field-strengths approach. It is possible
that if the intensity scaling of profiles produced farther from the
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TABLE 4
MobEL PArRAMETERS FOR EF ERrI
Component Parameter® Model 1 Model 2 Model 3 Model 4 Model 5° Model 6°
System......cccoeeeruennnne d (pc) 105 105 105 105 105 105
SS e T (K) 1700 1700 1700 1700 1790 1790
Spectral type L5.0 L5.0 L5.0 L5.0 L3.5 L3.5
CYC oot B (MG) 13.8 13.8 13.8 13.8
m 2 3 5 e 2
Sum over fields? Y Y N ... Y
fo.cyclfy,ss (3.6 pm) 1.71 3.12 0.34 1.55
fu.cyclfyss (8.0 um) 11.01 7.04 0.18 9.34
CBD ..o, Fin 73RWD 73RWD
Tin (K) 665 665
Fout 7800RWD 7800RWD
Toul (K) 20 20

? Fixed model parameter values for this target include Rwp = 0.0125 R and R, = 0.1 Ry See Table 3 for the values of other parameters not listed

here.
® These models refer to the scaled 2MASS data; see text.

WD (i.e., at smaller magnetic field strengths) falls off more
steeply than estimated in Paper I, then the final profile might be
dominated by the emission produced very near the WD surface
and, hence, retain the sharply peaked shape seen in Figure 4d. A
better reproduction of the EF Eri SED might be achieved through
a combination of models similar to models 1 and 4 (i.e., the SEDs
shown in Figs. 4a and 4d). However, even in this case, there
would be some “missing” flux at 3.6 and 4.5 pum, suggesting
the need for either model components with different spectral pro-
files or an additional emitting system component. Adding more
model parameters/components is not warranted by the ability of
these sparse data to constrain complex models. We note, however,
that some experimentation demonstrated to us that a simple black-
body component with 7' =~ 1000 K produces an emission profile
that peaks around 4.5 pm and could fill in the EF Eri model SED
as required.

As noted in § 4.1, the 2MASS and IRAC data for EF Eri were
obtained during different orbital brightness states (faint and bright,
respectively). The low-state K-band photometric light curves of
Harrison et al. (2003) show that Fiigh¢/Ffaint = 1.67. Assuming
that this ratio holds into the mid-IR, we scaled the 2MASS data
for EF Eri by a factor of 1.67 to match the short-wavelength
portion of the SED with the IRAC data and repeated our mod-
eling trials. We scaled the 2MASS data instead of the IRAC
data in order to avoid altering the observed value of the 8 yum
flux density (which is the main target of our modeling efforts).
Modeling these scaled data yields substantially similar results
to those described above for the unscaled data (e.g., Fig. 5 and
models 5 and 6 in Table 4). The model parameters must be
changed slightly from the unscaled versions to account for the
difference in the scaled flux density levels; notably, the secondary
star spectral type can be as early as L.3.5 without exceeding the
scaled J-band point (at d = 105 pc). Regardless, the general
trends seen in the unscaled models are preserved in the scaled
models.

4.1.2. V347 Pavonis

V347 Pav was discovered by Pounds et al. (1993) in the
Rontgensatellit (ROSAT ) Wide Field Camera survey. It was iden-
tified as a CV by O’Donoghue et al. (1993) and confirmed as an
AM Her type by Bailey et al. (1995). O’Donoghue et al. (1993)
showed that the optical light curve is complex, with variability
over the orbital cycle of approximately 1 mag, and displaying

substantial variations from one orbital cycle to the next. Their
photometry and spectroscopy both suggested an orbital period
of Py ~ 90 minutes, which was later refined by Ramsay et al.
(2004) to Porp, = 90.082219(52) minutes.

Bailey et al. (1995) fit the optical circular polarization and
light intensity curves with two linearly extended cyclotron emis-
sion regions on the surface of the WD, with a model polar field
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Fic. 5.—Same as in Fig. 4, but with the 2MASS data for EF Eri scaled by a
factor of 1.67 to account for potential orbital brightness variations. (¢) Circum-
binary disk model; (b) cyclotron model with m = 2. See text and Table 4 for
details.
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Fic. 6.—Representative model SEDs for V347 Pav showing the observed data ( filled circles), total model SED (solid line), and model components: the WD (dotted
line), the secondary star (short-dashed line), a circumbinary dust disk (long-dashed line), and cyclotron emission (dot-dashed line). (a) Circumbinary disk model;
(b) cyclotron model with m = 2; (c) cyclotron model with m = 3; (d) single-field cyclotron model with m = 2. See text and Table 5 for details.

strength of B =25 MG and an orbital inclination of i = 60°.
This was constrained further by Ramsay et al. (1996), who used
the orbital period—secondary star mass relation for a main-
sequence star to predict M> = 0.16 M,* which, combined with
the fact that they had failed to observe any eclipses of the system,
allowed them to put an upper limit on the inclination of i < 78°.
Subsequent Stokes imaging by Potter et al. (2000) constrained
the inclination more closely to 64° < i < 72°, with magnetic
field strengths of B = 15 and 20 MG for the upper and lower
accretion poles, respectively.

At the nominal literature distance of d = 171 pc, the second-
ary star can be no earlier than spectral type M6.0, or the com-
bined secondary star plus WD (the latter contributes less than 8%
of the observed SED at all wavelengths) exceeds the observed J
and H points. Figure 6a (model 1 in Table 5) shows the model
result with the addition of a circumbinary dust disk. As with
EF Eri, we can easily reproduce the 8 ym point, but the model
underestimates the 3.6—5.8 ym points. Using a cyclotron com-
ponent with m = 2 (Fig. 6b and model 2 in Table 5), the model
SED has the closest match to the intermediate-wavelength data
but is no longer bright enough at 8 ;zm to match the observations.
Figure 6¢ (model 3 in Table 5) shows the m = 3 case: larger val-
ues of m cause the cyclotron peak to continue shifting toward
short wavelengths until the cyclotron component appears as a

4 We have used this mass in our models to predict a secondary star spectral
type of M6.0 and radius of R, = 0.21 R, (Cox 2000). However, we note that this
radius is substantially larger than the calculated Roche lobe in V347 Pav assum-
ing Mwp = 1.00 M, ; the secondary star radius of R, = 0.16 R, for this mass
from Pont et al. (2005) is in better agreement with the Roche lobe size. In any
case, the model SED results are not very sensitive to changes in the mass or radius
of the stars.

Rayleigh-Jeans—like tail (similar in shape to the long-wavelength
end of the secondary star SED). Figure 6d (model 4 in Table 5)
shows an m = 2 cyclotron component using the single-field ap-
proach instead of the sum-over-field-strengths approach. As with
EF Eri, this approach allows us to reproduce the sharp peak in the
SED, which for V347 Pav is located in IRAC channel 1. How-
ever, also as with EF Eri, this approach does not reproduce the
8 pum point, suggesting a combination of models 1 and 4 (i.e.,
dust and single-field cyclotron) as the best approach to repro-
ducing this SED.

We now consider the possibility that the 2MASS and IRAC
data were obtained at different orbital brightness states. A high-
state H-band photometric light curve published in Bailey et al.
(1995) shows that V347 Pav is variable by a factor of =4 over its
orbital period. As with EF Eri, we assume that this behavior is
present in the mid-IR also and attempt to correct the 2MASS and
IRAC data sets to account for orbital variability. To this end, we
scaled the 2MASS flux densities by a factor of 4.0. At the nom-
inal distance of d = 171 pc, the scaled SED can accommodate a
secondary star as early as M3.5 V, whose SED exactly matches
the 3.6 and 4.5 um points. However, as noted earlier in this sec-
tion, the M6.0 V secondary star suggested by the mass estimate
from Ramsay et al. (1996) is already at the limit of being too
large for the calculated Roche lobe size, and an M3.5 V star sim-
ply will not fit into the Roche lobe of a CV with this orbital
period. Consequently, we have retained the M6.0 V secondary
star and adjusted the distance to the lower limit of the Araujo-
Betancor et al. (2005) estimate, d = 133 pc. Figure 7a shows
the scaled data with a model containing a circumbinary dust
disk component (model 5 in Table 5). There is considerable
unmodeled flux density in the 2MASS portion of the SED, but
even if we use an M3.5 V secondary star, the model SED still
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TABLE 5
MobEL PARAMETERS FOR V347 Pav

Component Parameter® Model 1 Model 2 Model 3 Model 4 Model 5° Model 6°
System.......ccceuee. d (pc) 171 171 171 171 133 133
SS s Spectral type Me6.0 M6.0 M6.0 M6.0 M6.0 M6.0
CYC .ot B (MG) A 15,20 15,20 15,20 . 15,20

m 3 2 . 5

Sum over fields? Y N . Y

Jo,cvclfy,ss (3.6 pm) 1.06 0.80 1.68 0.62

foovelfoss (8.0 pm) . 2.97 1.48 0.00 . 0.93
CBD oo, Fin 148Rwp 148Ryp

Tin (K) 770 655

Fout 19241Rwp 15509Rwp

Tou (K) 20 20

? Fixed model parameter values for this target include Rwp = 0.008 Ry, R, = 0.21 R, and T, = 2850 K. See Table 3 for the values of other

parameters not listed here.
® These models refer to the scaled 2MASS data; see text.

somewhat underestimates these data points. At all values of the
transition harmonic m > 2, the cyclotron component cannot match
the 8 pum point without exceeding the shorter wavelength IRAC
points. Figure 7b (model 6 in Table 5) shows a model in which the
cyclotron component is partially optically thick (m = 2). The
peak of the cyclotron emission component shifts toward longer
wavelengths, leaving a deficit of modeled flux density at 8 pm,
but suggesting a path toward recovering the previously un-
modeled flux at the 2MASS wavelengths.
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Fic. 7—Same as in Fig. 6, but with the 2MASS data for V347 Pav scaled by a
factor of 4 to account for potential orbital brightness variations. (a) Circumbinary
disk model; (b) cyclotron model with m = 5. See text and Table 5 for details.

4.2. Class II: Dominant Secondary Star
4.2.1. VV Puppis

VV Pup was discovered during the early twentieth century
(van Gent 1931) as a faint (V' = 14.5—18; Downes et al. 2001),
rapidly periodic (Pop, = 100.4 minutes) variable star (Walker
1965). Based on photometric and spectroscopic observations,
Herbig (1960) suggested that it was a binary whose emission lines
originated on the brighter component. Subsequently, VV Pup was
identified as the third known example of the AM Her class ( Tapia
1977).

VV Pup has the distinction among our sample of polars of
having the observed SED that is most reminiscent of the fall-
ing Rayleigh-Jeans tail of a cool, main-sequence star. Figure 8a
(model 1 in Table 6) shows a model SED that utilizes the recent
tight constraints on the WD and secondary star parameters pro-
vided by Howell et al. (2006a) with a circumbinary dust disk to
provide the additional flux density required to match the ob-
served 8 um point. However, the model SED underestimates
the observed flux densities from the H band to 4.5 um (IRAC
channel 2). This model requires a distance scaling of d = 100 pc,
which is slightly more than 1 o away from the nominal value of
d= 1293‘1} pc from the trigonometric parallax distance reported
in Howell et al. (2006a).

For all values of the transition harmonic m > 2, the peak of a
cyclotron emission component shifts to successively shorter wave-
lengths (e.g., between the K and IRAC channel 1 points for
m = 2), which causes the total model SED to exceed all of the
shorter wavelength points when the cyclotron emission is scaled
to fit the 8 um point. By moving the polar back to the nominal
distance of d = 129 pc and including a cyclotron component
with m > 2 (see, e.g., Fig. 8 and model 2 in Table 6), we can
mitigate this problem and produce very good model SEDs (with
better agreement at 3.6 and 4.5 pm and only a small flux density
deficit at 8 um). However, this form of the model is not very dis-
criminatory, as the shape of the cyclotron component SED for
m > 2 is very similar to that of the secondary star, so this model
is basically equivalent to including only the stellar components
and simply scaling the distance up or down until the best match
to the observed data is obtained.

4.3. Class III: Bright 2MASS, Flat IRAC

We suspect that the polars in class III were in high accretion
states during the 2MASS observations due to the shape of the
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LA B B L BN B BN NS TABLE 6
120 N (a) ] MobpEL PARAMETERS FOR VV Pup
100 _ . Component Parameter® Model 1 Model 2
80F System............... d (pc) 100 129
N r SS e Spectral type M7.0 M7.0
E 60 L CYC .o B (MQG) e 32
N m . 3
~ L Sum over fields? .. Y
g 40¢ focvelfyss (3.6 ym) - 113
F. Juevclf,ss (8.0 pm) 1.35
S 20F CBD o i 108Rywp
Il Tin (K) 510
< Ok Fout 8140Ryp
< 200F Tou (K) 20
«J;‘ ? Fixed model parameter values for this target include Rwp = 0.0105 R,
A L R, =0.15 Ry, and T, = 2670 K. See Table 3 for the values of other parameters
5 150 not listed here.
A :
e L and Visvanathan & Tuohy [1983]), Mason et al. (1983) sug-
= 1001 gested that this object was an AM Her type CV.
F - Recently, Mennickent et al. (2004) have matched the second-
i ary star features in near-infrared (1-2.5 um) spectra of V834 Cen
50 with a spectral type of M840.5 V. An M8 V star is quite faint, so
3 we have used a minimum distance of d = 121 pc in our models
0 I (Araujo-Betancor et al. 2005). Figure 9a (see model 1 in Table 7)
1

1 2 3 4 5 6 7 8
Wavelength (microns)

Fic. 8. —Representative model SEDs for VV Pup showing the observed data
( filled circles), total model SED (solid line), and model components: WD (dotted
line), secondary star (short-dashed line), circumbinary dust disk (long-dashed
line), and cyclotron emission (dot-dashed line). (a) Circumbinary disk model;
(b) cyclotron model with m = 3. See text and Table 6 for details.

bright 2MASS portion of their SEDs, which could be indicative
of the falling Rayleigh-Jeans—like tail of accretion-generated lu-
minosity. If present, then this (unmodeled) component likely con-
tributes at 3.6 and 4.5 pm in addition to dominating the 2MASS
portion of the SED. We have not attempted to model this addi-
tional component because the exact characteristics of the accretion-
generated luminosity are not known in detail and would depend
on a large number of (largely unknown or poorly constrained)
additional parameters (e.g., mass transfer rate, plasma flow and
magnetic field geometry, accretion spot size and shape). The ad-
ditional complexity that would be introduced by adding another
model component is not warranted for our sparsely sampled
SEDs.

4.3.1. V834 Centauri

Mason et al. (1983) identified a 15th magnitude, blue, emission-
line (H 1, He 1, He 1) star (subsequently named V834 Cen) as the
optical counterpart of the variable X-ray source H1409—45/
E1405—451 (Jensen et al. 1982). Their time-resolved optical
photometry revealed a period of Py, = 101.52(2) minutes with
an amplitude of ~1 mag. In addition, rapid variability on time-
scales of 1-3 s was observed; this was later shown to be quasi-
periodic in nature, with a coherence time of ~1 minute (Larsson
1985, 1992; Imamura et al. 2000). Wright et al. (1988) detected
V834 Cen in the radio, at a peak level of 35 mJy at 8.4 GHz. The
radio flux showed variability on timescales as short as 1 minute.
Based on these characteristics (coupled with its X-ray emission
and circular and linear polarization observed by Tapia [1982]

shows the model SED with a circumbinary dust disk, which
reproduces the observed 8 pum point but underestimates the flux
densities at shorter wavelengths. The secondary star would con-
tribute significantly to the total model SED only at much smaller
distances (d = 50 pc) than estimated in the literature. Figure 95
(model 2 in Table 7) shows the model with the circumbinary disk
replaced by cyclotron emission with m = 2. The cyclotron pro-
file peak is centered around 3.6—4.5 um, and even when the cy-
clotron emission is scaled up so that all of the 3.6 pm flux density
is accounted for, it still underestimates the 8 ym point. Figure 9¢
(model 3 in Table 7) shows a largely optically thick (m = 6)
cyclotron component. In this case, the cyclotron component can
account for some of the flux density in the bright 2MASS portion
of the SED but still cannot reproduce the 8 ym point.

4.3.2. GG Leonis

GG Leo was discovered by the ROSAT All Sky Survey and
subsequently identified as a polar by Burwitz et al. (1998). They
derived the orbital period Py, = 79.87946(7) minutes from X-ray
dip timings and concluded that the shape of the light curve is
consistent with accretion at only one of the WD poles. The op-
tical light curve presented in Burwitz et al. (1998) is variable by
about 1 mag over the orbital period, and their photopolarimetry
confirmed the one-pole accretion model and allowed them to
derive a magnetic field strength of B ~ 23 MG in the accretion
region. A fit to the low-state spectrum and the cyclotron emission
yielded WD parameters of 0.8 M, < Mywp < 1.2 M, and Twp =
8000 K, although the authors note that temperatures up to
Twp = 12,000 K cannot be excluded. Ramsay et al. (2004) give
a revised mass estimate for the WD of Mwp = 1.13 £0.03 M
based on X-ray data.

Burwitz et al. (1998) estimated the secondary star parameters
from the orbital period and the radial velocity profile, adopting a
radius of R, ~ 0.13 R, amass of M, ~ 0.09 M, and a spectral
type of M5 V or later. (We have used a spectral type of M7.5 'V,
which corresponds to these mass and radius values, in our mod-
els.) They then used the nondetection of spectral features expected
from the secondary star to put a lower limit on the distance of
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1000F ~ "7 T T T g TABLE 7
L (a) ] MOoDEL PARAMETERS FOR V834 CEN
800 C o PY 7] Component Parameter® Model 1 Model 2 Model 3
r 1 System........... d (pc) 121 121 121
600 |- 5 SS e Spectral type MS.0 MS.0 MS.0
i 1 CYC . B (MG) 23 23
F B m ... 2 6
400 N ] Sum over fields? .. Y Y
r 1 foovelfiss (3.6 pm) 6.57 6.66
r ] foevelfyss (8.0 um) 11.39 8.37
200 : ] CBD ... Yo 95Rwp . .
— r = ] Tin (K) 875
> 0o T J Fout 14663 Ry
"21000 g™ T T T T (K) 20
\S [ (b) ] ? Fixed model parameter values for this target include Rwp = 0.0115 R,
2. 800 N L4 ° T R, =0.10 Ry, and 7> = 2490 K. See Table 3 for the values of other parameters
o [ ] not listed here.
—
—g 600 r ] obtained even if we assume the minimum distance (d = 140 pc)
= r ] at which the M7.5 V secondary star exactly matches the 3.6 and
> 400 5 4.5 um points. For all values of the transition harmonic m > 2,
= i 1 the peak of the cyclotron component is located at short wave-
g 200 k- b lengths, making it impossible to reproduce the 8 um point with-
O r 1 out greatly exceeding the 3.6—5.8 um points. If we use only the
a FZ -, - _ . single-field cyclotron prescription and assume completely opti-
w  Ob i lidicassanssass cally thick emission (m = 10), then the resultant model trends
21000 g T T T T toward reproducing the bright 2MASS portion of the SED—
H r () ] suggesting that cyclotron emission, instead of or in addition to
800F @ ] accretion luminosity, could also be responsible for the 2MASS
r ] data—but still cannot reproduce the 8 ym point (see Fig. 105 and
600 r ] model 2 in Table 8).
[ ] 4.3.3. MR Serpentis
400 F ] MR Ser was initially discovered in the Palomar-Green survey
[ ] for UV-excess objects (Green et al. 1982); it turned out to be the
[ ] only magnetic CV discovered in the Palomar-Green survey. Liebert
200 7] et al. (1982) performed the first detailed observational study of MR
[ i Ser and measured an orbital period of Py, = 113.56 minutes from
0L ] polarimetric observations. This was later refined by Schwope et al.

1 2 3 4 5 6 7 8
Wavelength (microns)

Fic. 9.—Representative model SEDs for V834 Cen showing the observed
data ( filled circles), total model SED (solid line), and model components: WD
(dotted line), secondary star (short-dashed line), circumbinary dust disk (long-
dashed line), and cyclotron emission (dot-dashed line). (a) Circumbinary disk
model; (b) cyclotron model with m = 2; (c) cyclotron model with m = 6. See text
and Table 7 for details.

d =100 pc, while the upper distance limit of d = 300 pc is
based on the fact that any larger distances would require unre-
alistically high accretion rates. Unless the distance to GG Leo is
substantially larger than 300 pc, the secondary star spectral type
cannot be earlier than M4 V or the model flux at 3.6 um will ex-
ceed the observed value. In addition, no secondary star template
from the Patten et al. (2006) sample (even at early spectral types)
can reproduce the observed 2MASS SED without greatly exceed-
ing the observed IRAC data. At a median distance of d = 200 pc,
the M7.5 V secondary star SED underestimates the 3.6 and 4.5 ym
points by about 50%, leaving room for the unmodeled accretion
luminosity component.

As shown in Figure 10a (model 1 in Table 8), a circumbinary
dust disk can reproduce the 8 um point. A similar result can be

(1991), who used time-resolved spectroscopic observations of a
narrow emission line component ( believed to originate on the sec-
ondary star) to measure Py, = 113.47 minutes (also see Schwope
et al. 1993a). Wickramasinghe et al. (1991) observed shallow cy-
clotron humps in their optical spectra, which varied with phase in
amplitude and wavelength. Harrison et al. (2005) found cyclo-
tron emission from the B = 26 MG WD magnetic field contam-
inating the blue end of their K-band spectrum, but the red end of
the spectrum was not significantly affected by cyclotron emission.
MR Ser dropped into a low state in 1985, at which time the op-
tical spectra showed weak Ha emission and absorption features
of an M dwarf secondary star (Mukai et al. 1985). Szkody (1988)
found that even in the low state, H and He emission lines were
still present, indicating that there was still some ongoing accre-
tion. Schwope et al. (1993a) identified features of the secondary
star in long-wavelength optical spectra of MR Ser, correspond-
ing to a spectral type of M5—6V (also see Mukai & Charles 1986).
However, Harrison et al. (2005) estimated a somewhat later sec-
ondary star spectral type, M8 V, from an infrared spectrum.
Of'the three polars in our class III, MR Ser and V834 Cen have
the most similar observed SEDs. It is no surprise, then, that our
modeling results for MR Ser are very similar to those for V834
Cen. We utilized a minimum distance of d = 134 pc (see Table 3)
in order to maximize the contribution from the faint secondary
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Fic. 10.—Representative model SEDs for GG Leo showing the observed data
( filled circles), total model SED (solid line), and model components: secondary
star (short-dashed line), circumbinary dust disk (long-dashed line), and cyclotron
emission (dot-dashed line). At maximum, the WD contributes less than 1% of
the total observed flux density and is not plotted. (¢) Circumbinary disk model;
(b) single-field cyclotron model with m = 10. See text and Table 8 for details.

star. At this distance, the spectral type of the secondary star can-
not be earlier than about M5.5 V, or the model 3.6 ym point will
be brighter than observed. Figure 11a (model 1 in Table 9) shows
the model for MR Ser containing an M7 V secondary star (con-
sistent with the mass estimate of M, = 0.1 M ; see Table 3) and
a circumbinary dust disk. As with the similar model for V834 Cen,
this reproduces the observed 8 um flux density but underestimates
the flux density at all shorter wavelengths. As also found for V834

TABLE 8
MobEL ParRAMETERS FOR GG LEO

Component Parameter” Model 1 Model 2
System............. d (pc) 200 200
Spectral type M7.5 M7.5
B (MG) .. 25
m ... 10
Sum over fields? ... N
Jo.evelfyss (3.6 pm) 1.20
Jo.cve/fy,ss (8.0 pm) 0.00
CBD....cccooueee. Fin 185RWD e
Tin (K) 580
Fout 16504Rwp
Tou (K) 20

? Fixed model parameter values for this target include Rwp = 0.006 R,
R, =0.13 Ry, and T, = 2580 K. See Table 3 for the values of other parameters
not listed here.
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Fic. 11.—Representative model SEDs for MR Ser showing the observed data
( filled circles), total model SED (solid line), and model components: WD (dotted
line), secondary star (short-dashed line), circumbinary dust disk (long-dashed
line), and cyclotron emission (dot-dashed line). (a) Circumbinary disk model;
(b) cyclotron model with m = 2. See text and Table 9 for details.

Cen, at values of m > 2, the cyclotron profile peak shifts toward
shorter wavelengths, making it impossible to reproduce the 8 pym
point without exceeding one of the shorter wavelength IRAC
points (see, e.g., Fig. 115 and model 2 in Table 9).

An interesting aspect of the observed IRAC SED for MR Ser
is that the 4.5 and 5.8 pm points are brighter than the 3.6 and
8.0 um points. This behavior is not seen in any of the other polars
in our sample (see Fig. 1). Reproducing this shape is not possible
using only circumbinary disk and/or cyclotron components, with-
out invoking an additional source of flux that peaks between
IRAC channels 2 and 3, for example, a blackbody component
with 7' ~ 800 K (also see the Appendix).

4.4. Sample Best Models

While keeping in mind our warning about the (in)ability of
our data to constrain complex models, we also recognize that it is
somewhat unsatisfying to just consider models that are designed
to only reproduce the observed 8 pm point with little regard to
the SED shape at shorter wavelengths (other than to avoid ex-
ceeding the observed flux densities). To that end, we present a
sample best model for each of our polars (see Table 10). These
models are not constrained to be unique solutions and should not
be considered as definitive physical representations of the polars.
They simply illustrate that it is possible to create reasonable re-
productions of the observed IR SEDs for our polars, which, given
additional data, could be developed into much more physically
detailed models. However, the models shown in this section do
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TABLE 9
MobEL PARAMETERS FOR MR SER

Component Parameter® Model 1 Model 2
System............. d (pc) 134 134
SS e Spectral type M7.0 M7.0
CYC ..ot B (MG) . 28

m ... 2

Sum over fields? ... Y

Jv.cvelfo,ss (3.6 pm) 3.50

Jv.cyclfy,ss (8.0 pm) 4.79
CBD..ccooerenee Tin 122Rwp ...

T (K) 715

Tout 14370Rwp

Toul (K) 20

? Fixed model parameter values for this target include Rwp = 0.01 R,
R, =0.15 Ry, and T, = 2670 K. See Table 3 for the values of other parameters
not listed here.

not demand that the observed SEDs must be fitted using only
the model components utilized here.

In all cases the best models involve combining the stellar com-
ponents with cyclotron and circumbinary disk emission. Typi-
cally, the circumbinary disk emission dominates in producing the
excess 8 um emission, whereas the cyclotron emission dominates
at shorter wavelengths. Figure 12 shows sample best models for
EF Eri (with unscaled 2MASS data), V347 Pav (unscaled), and
VV Pup. In the case of EF Eri, we have optimized the model to
best reproduce the IRAC SED, while neglecting the bright 2MASS
H-band point (see § 4.1.1 for an example of fitting the H-band
point). Figure 13 shows sample best models for V834 Cen, GG
Leo, and MR Ser. In these cases, we have not attempted to re-
produce the bright 2MASS portions of the SED. We can gen-
erally achieve good reproductions of the IRAC portions of the
SEDs. Of course, there is likely contamination from the accretion-
generated luminosity in IRAC channels 1 and 2, which, if mod-
eled, would cause these best models to overestimate the flux
density at those wavelengths. However, this can easily be accom-
modated by making small adjustments to the distance, circum-
binary disk inner temperature, and/or cyclotron emission strength.
Out of all six of our polars, the best model for VV Pup comes
closest to exactly reproducing the observed SED (see § 4.2).

5. DISCUSSION AND CONCLUSIONS

We emphasize again that the results of our modeling should be
considered less as specific, detailed pictures of each individual
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polar and more as an illustration of the general mid-IR properties
of the class of polars as a whole. With that in mind, we can de-
scribe the general trends that our modeling efforts have revealed:

1. There is excess flux density at 8 um above that expected
from just the stellar components in all of our target polars. Our
capability to obtain sensitive IR observations has improved dra-
matically in recent years, especially following the launch of the
Spitzer Space Telescope. Evidence for IR excess in isolated WDs
is becoming increasingly common and has been convincingly
linked to the presence of circumstellar dust disks. Now, CVs and
LMXBs have joined the pantheon of systems containing com-
pact objects that show excess luminosity at long wavelengths.
Among the CVs, polars (which lack the bright accretion disk of
nonmagnetic systems) may offer the best opportunity to detect
the comparatively faint signature of circumbinary dust. The like-
lihood of detecting the dust emission is also improved by ob-
serving the CVs (polars or otherwise) with the shortest orbital
periods (i.e., Py, < 90 minutes), which contain the lowest mass
(hence, least luminous) secondary stars.

2. In all cases, a circumbinary dust disk can reproduce the
observed 8 um flux density. Equivalent results can be obtained
using either optically thick or optically thin disks. Although we
have only presented model SED results from the computation-
ally simpler optically thick disks here, we have used equivalent
models containing optically thin disks to provide an estimate of
the masses of dust required to explain the observed mid-IR ex-
cesses in our polars. Typical values for the total dust mass in our
optically thin circumbinary disk models are My, ~ 101°-10"" g,
or about 1071 to 10~!7 M_,. This is only a very small fraction of
the annual mass transfer budget in these short orbital period CVs,
at typical rates of M < 10~'" M yr~! (Howell et al. 1995). It is
also smaller than the 10*°~1022 g of dust produced during a
superoutburst of a short orbital period CV (Ciardi et al. 2006).
These circumbinary disks could be created (and, if necessary, re-
plenished) from only a comparative trickle of outflowing matter
over the course of millions or billions of years.

In addition, the total dust mass in our model circumbinary disks
is many orders of magnitude lower than the ~10% g of material
that Taam et al. (2003) require to significantly affect CVevolution.
Muno & Mauerhan (2006) also found a paucity of circumbinary
material in their LMXB systems (Mgus; ~ 1022 g), as did Dubus
et al. (2004) from their circumbinary disk model calculations for
CVs (Myu < 102* g). As noted by Muno & Mauerhan (2006),
even if the gas-to-dust mass ratio in the circumbinary disk is
100: 1, the total disk mass is still several orders of magnitude too
small to satisfy the Taam et al. (2003) condition. If our estimates

TABLE 10
MobDEL PARAMETERS FOR BEST MODELS

Component Parameter® EF Eri V347 Pav VV Pup V834 Cen GG Leo MR Ser

System.......ceevveeriennnn d (pc) 105 129 121 200 134
Spectral type L5.0 M6.0 M7.0 M8.0 M7.5 M7.0
B (MG) 13.8 15,20 32 23 25 28
m 3 3 6 5 2
Sum over fields? Y Y Y Y Y
So.cvclfyss (3.6 pm) 3.07 1.20 1.12 5.23 0.94 3.11
fo.cvclfy,ss (8.0 pm) 7.06 0.00 1.33 6.56 1.19 4.25

CBD ..o Fin 73Rwp 148Rwp 108Rwp 95Rwp 185Rwp 122Rwp
Tin (K) 555 755 480 805 550 670
Fout 6129Rwp 18743Rwp 7508Rwp 13119Rwp 15376Rwp 13177Rwp
Tout (K) 20 20 20 20 20

# Parameters not listed here have the values in the corresponding table from Tables 49 and Table 3.
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Fig. 12.—Sample model SEDs that best reproduce the observed data for
(a) EF Eri (unscaled), (b) V347 Pav, and (c¢) VV Pup, showing the observed data
( filled circles), total model SED (solid line), and model components: WD (dotted
line), secondary star (short-dashed line), circumbinary dust disk (long-dashed
line), and cyclotron emission (dot-dashed line). See text and Table 10 for details.

of the circumbinary disk masses are correct, then either they can-
not be responsible for the observed discrepancies in CV angular
momentum loss rates as suggested by Taam et al. (2003) or the
interaction between the circumbinary disk and the inner binary
system is poorly understood.

3. On the other hand, a completely optically thin cyclotron
emission model component typically has a calculated SED shape
that is indistinguishable from, or very similar to, that of the cir-
cumbinary dust disk. Hence, we cannot exclude the specific case
of cyclotron emission with transition harmonic m = 1 as the source
of the excess mid-IR flux density. However, when the model
cyclotron emission is completely optically thin, it also does not
contribute strongly at shorter wavelengths and the resultant model
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Fig. 13.—Same as in Fig. 12, but showing sample best models for (a) V834
Cen, (b) GG Leo, and (c) MR Ser. See text and Table 10 for details.

SEDs underestimate the flux density at short wavelengths. In
addition, observational evidence for completely optically thin
cyclotron emission has not yet been found in any polar. Since
the circumbinary disk emission always contributes most strongly
at 8 um (with little or no flux density contribution shortward of
3.6 pm), it seems more likely that cyclotron emission in these
polars is not completely optically thin and can account for some
of the shorter wavelength flux density (e.g., see the best models
discussed in § 4.4).

4. In all but one case, cyclotron emission with m > 2 is too
faint at 8 um to reproduce the observed data when it is scaled
so that it does not exceed any of the shorter wavelength IRAC
points. The exception to this is VV Pup, which has the smallest
mid-IR excess compared to the model stellar components. For this
polar, optically thick cyclotron emission in combination with
the stellar components can adequately reproduce the observed
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SED. However, this result for VV Pup does not really imply a
preference for cyclotron emission since the optically thick cy-
clotron SED mimics the shape of the falling Rayleigh-Jeans tail
of the secondary star SED. Hence, this model devolves to the
equivalent of using only the secondary star model SED and scal-
ing the distance to match the observed data. There are several
possible reasons why VV Pup could contain the apparently small-
est mid-IR excess of our sample of polars. It is probably not due
to masking of the dust signature by a bright secondary star, since
VV Pup does not have the longest orbital period of our sample
(and, hence, does not have a correspondingly much earlier spec-
tral type secondary star than the other polars: both MR Ser and
V347 Pup have somewhat longer orbital periods and presumably
similar secondary stars to VV Pup). If the IR excess is caused
largely or solely by dust, then VV Pup possibly just implies that
the amount or emissive characteristics of dust are not the same in
all polars. The most likely explanation, however, is that VV Pup
has the highest estimated inclination of our sample of polars, so
the projected radiating area of the circumbinary disk is smallest.

In summary, while a circumbinary dust disk can always ex-
plain the observed 8 pm excess in our target polars, only the spe-
cific case of completely optically thin cyclotron emission (which
mimics the SED shape of a circumbinary disk but has not yet
been observed in any polar) can also independently explain the
mid-IR excess. However, even in this special case, the cyclotron
emission cannot be used to account for excess flux density at
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shorter wavelengths (where any feasible circumbinary disk emis-
sion is also negligible). In the presence of cyclotron emission that
is at all optically thick (and, hence, peaks at shorter IR wave-
lengths), circumbinary dust disk emission would still have to be
present in order to explain the 8 um excess in our polars. If the
mid-IR excess in our polars is produced, either solely or in part
by dust in circumbinary disks, then the implied mass of dust is
too small by many orders of magnitude to affect CV evolution as
described in Taam et al. (2003).
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and the National Science Foundation. We acknowledge with
thanks the variable star observations from the AAVSO Interna-
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this research. Last, but by no means least, we would like to thank
the anonymous referee for the thoughtful and thorough review of
our paper.

APPENDIX
ON THE POSSIBLE PRESENCE OF A WHITE DWARF CIRCUMSTELLAR DUST DISK IN POLARS

The SED shape produced by a single-temperature blackbody component can also be produced by an optically thick circumstellar dust
disk around the WD in a polar. Such a disk is exactly analogous to the WD debris disks described in Jura (2003) and Becklin et al. (2005),
which were used as the basis for our consideration of the circumbinary disks. While the presence of circumstellar disks around isolated
WDs is becoming increasingly “normal” as detailed IR observations of these objects are acquired, the existence of a WD circumstellar
disk in a CV would be a rather novel occurrence. Nonetheless, we briefly explore the nature and plausibility of such a system component
(although further exploration of its characteristics—and even its existence—will demand more detailed mid-IR observations than are
currently available).

The circumstellar disk is centered around the WD and extends from the sublimation radius close to the WD (i.e., the radius at which
the disk temperature, according to eq. [1], is in the range 1000—2000 K, typically ~5Rwp—10Rwp), out to the tidal truncation radius of
0.49 times the binary separation (=80% of the WD Roche lobe radius; e.g., Papaloizou & Pringle 1977). The overall hotter temperature
of this circumstellar disk can produce emission at the short IRAC wavelengths with an SED shape comparable to a single-temperature
blackbody component, while its smaller radiating area (compared to a circumbinary disk) does not require moving the CV to large
distances in order to avoid exceeding the observed flux density levels.

It is important to clarify the nature of this circumstellar dust disk. It is more analogous to a passive planetary ring system (a la Saturn)
than to a normal CV accretion disk. For example, it is assumed to be a uniform disk that is geometrically thin, with a typical thickness
comparable to the size of the dust grains. Collisional interactions between dust grains are assumed to be relatively rare (compared to a
viscous accretion disk). Consequently, we assume that there is no (or only negligible) accretion-generated luminosity in the circum-
stellar dust disk. Several potential sources of dust in a CVare listed in § 3.5. We now add two more possibilities that apply particularly to
dust in a circumstellar disk around the WD: (1) a tidally disrupted asteroid or comet, as described in Jura (2003) and Becklin et al. (2005),
and (2) dust produced in the outer atmosphere or wind of the secondary star (Lunine et al. 1989; Allard et al. 2001; Leggett et al. 2002;
Tsuji 2002) and transferred into the Roche lobe of the WD through the L1 point.

In the polars, the WD magnetic field prevents the formation of an accretion disk because the plasma emerging from the L1 point is
captured onto magnetic field lines and funneled directly to the poles of the WD. This mechanism should not work efficiently to prevent
the formation of a dust disk that is composed of unionized (or otherwise uncharged) material that will not interact strongly with the
magnetic field. However, dust grains in space that are exposed to UV radiation will generate a flux of photoelectrons and develop a
positive surface charge that rapidly reaches an equilibrium value (Horanyi 1996). The amount of equilibrium charge has some depen-
dence on the grain composition, and the grain size determines the timescale over which the equilibrium charge is reached (with larger
grains reaching the equilibrium charge faster). We define the critical surface charge, O, on a dust grain such that, for larger charges, the
dust will interact with the WD magnetic field in a polar and formation of a dust disk would be impeded in much the same way as for a
normal CV accretion disk. For smaller charges, the dust and magnetic field will not interact appreciably, and the circumstellar dust disk
can form even around the magnetic WD in a polar.
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Fic. 14.—Speculative model SED for MR Ser showing the observed data ( filled circles), total model SED (solid line), and model components: WD (dotted line),
secondary star (dashed line), and WD circumstellar disk (triple-dot—dashed line; see the Appendix).

By comparing the gravitational and magnetic forces acting on a dust grain emerging from L1 and undergoing free-fall acceleration
toward the WD, we can estimate the value of Q.;;. The gravitational force, Fg, is given by

o GmMWD

pray (A1)

G

where m is the mass of a dust grain, Myp is the WD mass, 7 is the distance from the center of the WD to the dust grain, and G is the
gravitation constant. The magnetic force acting on the dust grain, £, is given by

Fn = QvBwp, (A2)

where Q is the surface charge on a grain of dust, v is the free-fall velocity of the dust (itself a function of distance from the WD), and Bwp
is the WD surface magnetic field (magnetic flux density). After equating these two forces, we can solve for Q. to obtain

[(1/2)GMwp]"*mR>"?

chit = sub ) (A3)

RpBwp

where we have considered the maximum potential interaction between the WD magnetic field and the dust by solving for O as close as
possible to the WD, at the dust sublimation radius, Ryp.

We have calculated values of Q. using the system parameters of MR Ser and assuming Ry, = 7Rwp, Which corresponds to Ty, =
1500 K (the midpoint of the possible range of sublimation temperatures). For spherical dust grains with uniform density of 3 gcm—3 and
radii of 1, 10, and 100 pm, we obtain Qi ~ 1.9 x 10”e, where n = 2, 5, and 8, respectively.” Kempf et al. (2004) measured the charge
on in situ interplanetary dust grains in the solar system using the Cosmic Dust Analyzer on the Cassini spacecraft. They found values of
~(8-34) x 103e for ~10 pm, spheroidal grains. This is ~5-25 times smaller than our Q. for similarly sized grains. Sickafoose et al.
(2000) have experimentally investigated the photoelectric charging of dust grains and find an equilibrium surface charge of ~4 x 10%e
for graphite grains with radii of ~50 m in the presence of UV illumination with a minimum wavelength of ~2000 A. Our value of Q.
for a grain of this size is ~2 x 107e, 500 times larger than the charge measured by Sickafoose et al. (2000). We infer that the equilibrium
charge that is likely to form on dust grains in WD circumstellar disks in our polars is substantially smaller than the charge required to
produce significant interaction between the dust and the WD magnetic field at distances from the WD larger than the sublimation radius.
Thus, the presence of a circumstellar dust disk around the WD in a polar, while possibly improbable, is not an impossible scenario.

This calculation was motivated by the fact that, during our modeling process, we noticed that the unusual shape of the IRAC SED of
MR Ser matches very closely to that expected from only a WD circumstellar disk. If the secondary star in MR Ser actually contributes
very little to the total SED (or at least contributes more or less equally in all IRAC channels), then the observed mid-IR SED can be
reproduced very well through the addition of only a WD circumstellar disk with an inner temperature of 1300 K (see Fig. 14). However,
in this case, the secondary star must be exceptionally faint in order to prevent the 3.6 pum flux density from becoming too bright. Even an
L-type star produces too much flux at 3.6 pum at the distance required to match the flux density of the WD circumstellar disk (which is

5 We note in passing that our calculated values of Oy are several orders of magnitude smaller than the corresponding values, Omax, at which the electrostatic tensile
stress in the dust grain interiors would be sufficient to fracture (i.e., destroy) the grains (e.g., following the calculation in Draine & Salpeter 1979).
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limited by the size of the WD Roche lobe) to the observed IRAC SED. A model with a T3.5 secondary star and a WD circumstellar disk
with inner temperature of 1300 K produces an excellent fit to the IRAC SED, but only if the distance to the system is a mere 35 pc. This
distance is a factor of ~4 smaller than the minimum distance quoted in the literature (which was calculated by Araujo-Betancor et al.
[2005] from fitting the UV spectrum of the WD in MR Ser), not to mention requiring a much later spectral type for the secondary star
than estimated in the literature. Consequently, we caution that, although this circumstellar disk—dominated model is suggestive,
inasmuch as it reproduces the observed IRAC SED so exactly, it is overly complex for the ability of our data to constrain it and is

highly speculative.
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