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ABSTRACT

The space density of the various classes of cataclysmic variables (CVs) has up to now only been weakly constrained, due to the small
number of objects in complete X-ray flux-limited samples and the difficulty in deriving precise distances to CVs. The former limitation
still exists. Here the impact of Gaia parallaxes and implied distances on the space density of X-ray-selected complete, flux-limited
samples is studied. These samples have been described in the literature: Those of non-magnetic CVs are based on ROSAT (RBS —
ROSAT Bright Survey & NEP — North Ecliptic Pole) and that of the intermediate polars (IPs) stems from Swift/BAT. All CVs appear
to be rarer than previously thought, although the new values are all within the errors of past studies. Upper limits at 90% confidence
for the space densities of non-magnetic CVs are prgs < 1.1 X 107 pc™> and prpssnep < 5.1 X 1078 pc™3 for an assumed scale height
of h = 260 pc and pps < 1.3 X 1077 pc™ for the long-period IPs at a scale height of 120 pc. Most of the distances to the IPs have
previously been under-estimated. The upper limits to the space densities are only valid in cases where CVs do not have lower X-ray
luminosities than the lowest-luminosity member of the sample. These results require confirmation using larger sample sizes, soon to
be established through sensitive X-ray all-sky surveys to be performed with eROSITA on the Spektrum-X-Gamma mission.
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1. Introduction

The space density of cataclysmic variable stars (CVs) is one of
the bigger unknowns in the field. Being the outcome of binary
star evolution through a common envelope and subsequent
angular momentum loss, this value is important for several
parameters and processes that are relevant to binary evolution,
including the initial binary separation, the initial mass distribu-
tion, the common envelope efficiency, and the angular momen-
tum loss in the post-common envelope phase and that in the CV
stage. It is the most relevant value to compare with binary popu-
lation synthesis. The simple question is: how many CVs are out
there?

This question is relevant for stellar evolution but has impli-
cations for models of the total energy output of the Milky
Way. One of the contenders to explain the infamous Galac-
tic ridge X-ray emission (GRXE, Worrall et al. 1982) is CVs
and in particular magnetic CVs of the intermediate polar type
(IPs). Through a deep Chandra pointing close to the galactic
centre, the apparently diffuse GRXE was largely resolved into
point sources (Revnivtsev et al. 2009). The composition how-
ever remained uncertain and was discussed thoroughly in the
recent past and sensitively depends on the space density and the
luminosity functions of the main source classes (e.g. Warwick
2014; Nobukawa et al. 2016).

The second data release from the Gaia satellite (Gaia DR2)
opens the opportunity to re-assess the space density of X-ray-
selected cataclysmic variables. Past studies were hampered by
small sample sizes and imprecisely determined distances. While
the former limitation cannot presently be overcome, the latter
has essentially vanished.

In this paper the non-magnetic CVs (dwarf nova and nova-
like systems) and one class of the magnetic CVs, the IPs,
are addressed. Both sub-classes have relatively well-understood
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X-ray spectra which results in a relatively clean selection
of objects. The strongly magnetic CVs, the polars, are not
addressed here. Polars are special due to their more complex
X-ray spectra with a thermal plasma and a potentially strong
soft component. ROSAT has uncovered many soft blackbody-
like polars (Beuermann & Schwope 1994), but all new discov-
eries made with XMM-Newton lack the pronounced soft compo-
nent (see e.g. Webb et al. 2018, and references therein). Whether
or not the observed sample of polars can be regarded as repre-
sentative of the parent population is therefore questionable.

2. Analysis
2.1. Basic assumptions

In the following we derive space densities for X-ray-selected
samples of CVs. The samples are described in the literature and
no new sample composition was undertaken. We make three
basic assumptions per case: that the observed sample is repre-
sentative of the intrinsic population, the sample is complete, and
that the sample is flux-limited with a well-defined flux-limit. For
further details, see for example Pretorius & Knigge (2012).

For the analyses in the following sections we make use of
parallaxes that were found by archival cone searches in the
Gaia archive using data from Gaia DR2'. In case of multiple
matches, the entry with the best matching brightness value was
chosen. We do not invert parallaxes to infer distances but use the
probabilistic distance estimates provided by Bailer-Jones et al.
(2018)%. However, since most new parallaxes have very small
relative errors, the use of directly inverted parallaxes gives
almost the same results.

' https://gea.esac.esa.int/archive/

2 http://gaia.ari.uni-heidelberg.de/tap.html

A62, page 1 of 5


https://doi.org/10.1051/0004-6361/201833723
https://www.aanda.org
https://gea.esac.esa.int/archive/
http://gaia.ari.uni-heidelberg.de/tap.html
http://www.edpsciences.org

A&A 619, A62 (2018)

Table 1. Non-magnetic CVs found in the RBS.

RBS# Name D logLy fx p Ap logLx D D Vigen
(pe) (s (ergem?s7')  (mas)  (mas) ™) (pe)  (po) (pc?)

2 EFTuc 500:  32.0 338E-12 0720 0.023 329 1335 1462 2.09E+08

22 WWCet 100  31.0 9.16E-12 4588 0.047 317 216 389 3.28E+07

280 TTARI 135  31.1 596E-12 3884 0070 317 256 372 4.20E+07

288 WXHYI 265 316 6.26E-12 4273 0029  31.6 232 346 3.21E+07

372 1QEri 130 30.8 376E-12 5186 0.167 312 192 222 1.11E+07

490 33 296 336E-12  3.098 0.126  31.6 320 349 3.51E+07

512 VWHyi 65 309 1.59E-11 18531 0.022  30.7 54 128 3.26E+06

664 TW Pic - - 33E-12 2284 0.022 318 432 455 7.99E+07

694 SUUMa 280  32.1 141E-11 4535 0029 319 219 490 9.25E+07

710 SWUMa 140 309 381E-12  6.148 0.080  31.1 162 188 9.09E+06
(713 EIUMa) - -

728 BZUMa 110 309 6.12E-12 6557 0064 312 152 224 1.39E+07
1008 T Leo 100 31.1 9.88E-12  7.814 0069 313 128 240 1.33E+07
1411 RHS40 460 320 347E-12 2919 0671 317 367 407 3.72E+07
1900 TYPsA  300: 317 468E-12 5431 0065 313 183 236 1.26E+07
1955 V405Peg 30 295 3.05B-12 5784 0062 310 172 179 8.06E+06
1969 CC Scl 165  31.1 423E-12 4904 0.148 313 203 249 137E+07

Notes. #713 is no longer considered non-magnetic, whereas #664 was previously classified as an IP. The luminosity is given in the ROSAT spectral
band 0.1-2.4 keV. Distances and luminosities from Schwope et al. (2002) are listed in columns with tildes, all other values are from this work.

Veen Was computed for a scale height of 200 pc.

2.2. The V/Vp.x method

We follow the approach used earlier (e.g. Hertz et al. 1990;
Schwope et al. 2002; Pretorius et al. 2007) to estimate the space
density of CVs using a V/V,x method. Since many of the CVs
used here are at high galactic latitude and some of them are at a
distance in excess of the likely scale height of CVs, we use the
modified method by Tinney et al. (1993). This method of cal-
culation of a generic volume, Ve, accounts for an exponential
density distribution p oc exp[(—d|sin b|)/h] (d: distance, b: galac-
tic latitude, A: galactic scale height). Vg, is calculated by

3
—0 @122,
|sin® b|

with & = d|sin b|/h and Q the solid angle of the survey. The max-
imum generic volume Vg, is computed using this formula with
the maximum possible distance of the particular source which
would allow its detection at the flux limit of the survey. One par-
ticular CV then contributes 1/V,, to the space density px, that
is, the space density is

1
pX - Z Vgen.

The derived numbers per object are given in the tables below.

Per observed sample one needs to specify the flux limit,
which determines the maximum distance for an object still to be
detected, the scale height of the distribution, and the solid angle
of the survey.

Using Gaussian distributed parallax and flux errors per
object, 90% confidence regions for the derived p per sample and
per assumed scale height were computed by running approx-
imately 50,000 simulated mock samples per case. The results
with their confidence ranges are listed in Table 4.

X-ray luminosities in this paper are always computed via
Lx = 4nD?Fx without any possible geometric correction factor.
This leads to the revised luminosities given in the tables below.

ey

gen

@
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2.2.1. The RBS sample of non-magnetic CVs

The ROSAT-sample of non-magnetic CVs described
in Schwope et al. (2002) was drawn from the ROSAT Bright
Survey (RBS, Schwope et al. 2000), an identification pro-
gramme of all high-galactic latitude sources found in the RASS.
It reached an identification rate as high as 99.7%. Based on the
identification of two apparently close, low-luminosity systems,
RBS0490 and RBS1955, Schwope et al. (2002) derived a space
density of ~3 x 107 pc~>. Due to their assumed proximity they
were the dominating terms in the sum of Eq. (2). When the two
objects were removed from their sample, the density became
PX.RBS = 1.5%x107° pC73.

Triggered by this study, Thorstensen et al. (2006, 2009)
revised the distances to RBS0490 and RBS1955 to ~300pc
and 149f§8 pc, respectively, thus favouring the lower value of p
which was later confirmed by Pretorius & Knigge (2012).

The original list of RBS-CVs is given in Table 1. For a
re-determination of the space density some updates are neces-
sary. Firstly, RBS0713 (=EI UMa) is now regarded as being
an IP (Baskill et al. 2005) and will not be included in the
analysis. On the other hand RBS0664 was regarded as an IP
previously and was re-classified as a non-magnetic CV by
Pretorius & Knigge (2012).

Secondly, the RASS was recently reprocessed
by Bolleretal. (2016) and count rates were updated. We
read the revised count rates from the online version of the
catalogue® and convert those to fluxes using the same ECF
(energy to count conversion factor) as in Schwope et al. (2002),
ECF=1.41x 10" ergcm™2s~!/count.

Gaia distances are also listed in Table 1. All but one have
errors <5%. The only exception, RBS1411, has a relative uncer-
tainty of 23%.

The corresponding numbers for Vi, are listed in Table 1
together with the X-ray flux, the parallax (plus error), the

3 http://rosat.mpe.mpg.de/cgi-bin/2RXS- funcone-search
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Table 2. Non-magnetic CVs used by Pretorius & Knigge (2012) to obtain the space density of RASS-selected objects.

RBS# Name D 16gLx fx p Ap logLx D Dpax Veen
(pc) () (ergem™sTh (mas)  (mas) s (po)  (po) (pc*)

2 EFTuc 346 314 1.60E-12  0.720  0.023 325 1335 1610 4.25E+08

22 WW Cet 158 312 5.70E-12  4.588  0.047 31.5 216 492 6.84E+07
280 TT Ari 335 317 3.50E-12  3.884 0.070 314 256 457 8.16E+07
288 WX Hyi 260 314 3.00E-12 4273  0.029 313 232 383 5.03E+07
372 1QEri 116 304 120E-12  5.186 0.167 307 192 201  1.01E+07
490 285 312 1.60E-12  3.098 0.126 313 320 386 5.42E+07
512 VW Hyi 64 305 6.10E-12  18.531  0.022 30.3 54 127 3.40E+06
664 TW Pic 230 31.0 1.70E-12 2284  0.022 31.6 432 537 1.42E+08
694 SUUMA 261 319 9.00E-12  4.535 0.029 317 219 626 1.97E+08
710 SW UMa 164 30.6 1.40E-12  6.148  0.080 306 162 183  9.24E+06
728 BZUMa 228  31.1 230E-12  6.557 0.064 30.8 152 220 1.49E+07
1008 T Leo 101 306 3.60E-12  7.814 0.069 308 128 232 1.45B+07
1411 RHS40 468  31.6 1.90E-12 2919 0.671 315 367 482  6.92E+07
1900 TY PsA 239 313 2.80E-12 5431 0.065 311 183 292 2.48E+07
1955 V405 Peg 149 305 1.20E-12  5.784  0.062 306 172 179  8.92E+06
1969 CC Scl 359 314 1.50E-12 4904 0.148 309 203 237 1.48E+07
NEP1 EXDra 240 297 8.10E-14  4.058 0.019 29.8 244 491  4.93E+05
NEP2 RXJ1831 980 315 2.80E-13 1232 0.038 313 793 2967 8.60E+06
NEP3 SDSSJ1730 444 312 730E-13  1.864 0.038 314 528 3190 5.08E+06
NEP4 RXJ1715 400 304 1.20E-13 1382 0.146 309 713 1747  3.64E+06

Notes. The luminosity is given in the spectral band 0.5-2.0keV. Distances and luminosities with tildes are from the original publication, those

without are from this work. V., was computed for a scale height of 260 pc.

Table 3. Intermediate polars used by Pretorius & Mukai (2014) to obtain the space density.

Name D loglx Fx p Ap logLx D D Veen

(pc) (s  (ergem™s7')  (mas) (mas) ™ (o) (pc) (pc?)
V1223Sgr 527 336 1.ISE-10 1.725 0.047 337 571 1241  1.22E+09
V2400 Oph 280 327 5.00E-11 1.399  0.033 335 701 991 1.51B+09
AO Psc 330 326 320E-11 2.021 0.043 330 488 552 5.48E+07
IGRJ16500 430  32.8 2.60E-11 0.855 0.062 336 1140 1163  2.46E+09
V405 Aur 380 328 3.50E-11 1487 0.031 333 662 783 5.78E+08
FO Agr 450  33.1 520E-11 1.902 0.051 332 518 747 7.76E+07
PQ Gem 510 33.0 3.10E-11 1.306 0.036 333 750 835 4.28E+08
TV Col 368 33.0 6.00E-11 1951 0.018 333 505 782 1.94E+08
IGRJ15094 960  33.5 2.60E-11 0.859 0.028 33.6 1127 1149  2.35B+09
XY Ari 270 325 3.60E-11 3.700 1.500 325 270 324  4.33E+07
EI UMa 750  33.3 290E-11 0.883 0.037 33.6 1095 1179  1.66E+08
NY Lup 680  33.7 9.20E-11 0.786  0.028 342 1228 2356  9.38E+09
V1062 Tau 1400  33.8 250E-11 0.632 0.077 33.8 1512 1512  2.72E+09
V2731 0ph 1000  33.9 6.90E-11 0436 0.056 346 2165 3597 2.25B+09
GK Per 477 333 7.80E-11 2263 0.043 333 437 772 7.74E+08

Notes. The luminosity is given in the spectral band 14-195 keV. Distances and luminosities with tildes are from the orginal publication, those
without are from this work. V., was computed for a scale height of 120 pc.

estimated distance and the maximum distance that was used
to compute the generic volume. The survey area used was
20400 deg?.

Here and in the other subsections the generic volume was
computed for three different scale heights, that is, those that
were used in the original publications: 200 pc for the RBS-CVs,
260 pc for the RASS-CVs, and 120 pc for the IPs. All derived
space densities are listed in Table 4.

A few of the non-magnetic RBS-CVs might have an uncer-
tain classification, and therefore a final composition of the sam-
ple is subject to changes if newer information becomes available.
One example is RBS1955 which is difficult to classify and could

well be a magnetic CV (Schwope et al. 2014); if removed from
the sample, one obtains a density 10% lower than that given in
Table 4.

2.2.2. The RASS (RBS and NEP) sample of non-magnetic
CVs

Pretorius & Knigge (2012) used the non-magnetic RBS-CVs
and added four CVs from the ROSAT-NEP (North Ecliptic Pole,
Pretorius et al. 2007) survey to study the space density and the
X-ray luminosity function of CVs. They re-considered all dis-
tance determinations used previously to obtain px = 4“_’3 X
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Table 4. Space densities of the X-ray-selected CV samples as a function
of assumed scale height.

120 pc 200 pc 260 pc
0.14 -6 0.11 —6 0.10 -6

RBS 162*0404 x 1070 1.09*041 x 1076 0.9670:1% x 10
0.09 -5 0.66 -6 0.58 -6

RASS 1.09%009 107 4717055 x 1076 3567035 x 10
0.17 -6 0.14 —6 0.13 -6

RASS (RBS-part) 160047 x 1076 1.08*014 x 106 0957013 x 10
Swifi 7478 %1078 3679 %1070 28737 x 107

Notes. Errors are given at 90% confidence.

1076 pc=3 for an assumed scale height of 260 pc. Their error bud-
get is based on Monte-Carlo simulations of the probability distri-
bution function that find p for a large number of mock samples
with properties that fairly sample the parameter space allowed
by the data.

The list of objects with their newly determined distances,
luminosities, and other parameters is given in Table 2. The
survey area used is 20400deg” at a limiting flux of 1.1 x
1072 ergcm=2 57! for the RBS part and 81 deg? for the NEP part
of the sample.

As a test for consistency we re-calculated the space den-
sity using their data as far as we were able to recover those.
The limiting flux is not constant over the NEP area and
Pretorius et al. (2007) describe how to correctly deal with the
variable flux limit. It is not expected that the correct treatment
makes a significant difference to the results achieved here. Fol-
lowing Henry et al. (2006) we therefore simply used the same
limit of 2 x 107! erg cm™2 s~! for the NEP survey area to obtain
pxrAss = 4.1 % 10°° pc? as a reference value assuming the
same scale height of &~ = 260pc as in Pretorius & Knigge
(2012).

Pretorius & Knigge (2012) used a slightly different X-ray
band to Schwope et al. (2002) and corrected their fluxes for
interstellar extinction which explains the different derived val-
ues of px despite using the same objects. As we show below,
the differences are small compared to other parameters affect-
ing p. We therefore tested the influence of the sample composi-
tion and different flux convention used by Schwope et al. (2002)
and Pretorius & Knigge (2012) by removing the four NEP-CVs
from the RASS-sample and re-computing the space density. The
results are listed in Table 4 in the row labelled “RASS (RBS-
part)”.

2.2.3. The sample of intermediate polars from the Swift/BAT
70 month survey

The third sample to be studied here is the Swift/BAT sample
of IPs presented by Pretorius & Mukai (2014). They list 15 IPs
that were observed in the energy range 14—195keV. This band
is not affected by galactic foreground absorption. The limiting
flux of this survey is Fx = 2.5 x 107" ergem™2s~! and the
survey was restricted to galactic latitudes "' > |5|°. The space
density derived for long-period IPs with an assumed scale height
of 120 pc was px = 175 s x 1077 pc™2.

The IPs used in this exercise with their newly determined
distances and luminosities are listed in Table 3.

XY Ari is behind a dark cloud and has no optical counter-
part, and is therefore without data from Gaia. We use the same
distance as Pretorius & Mukai (2014). V2731 Oph has a relative
parallax error of 13%, and V1062 Tau a relative error of 12%.
Most other parallax errors are below 3%.
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Fig. 1. Scatter plot showing the X-ray luminosities and the weights
(inverse of the generic volumes) per object studied here. The Swifi/BAT
selected IPS are shown in red for a scale height of 120 pc, the RASS
CVs are shown in blue, and the NEP-CVs in the RASS sample in cyan.
Assumed scale height for RASS-CVs was 260 pc.

3. Results and discussion

The space densities of X-ray-selected samples of magnetic and
non-magnetic CVs was redetermined using recently published
parallaxes and distances from Gaia DR2. The results are sum-
marized in Table 4 and Figs. 1 and 2. Figure 2 shows distribu-
tions of the original and the revised luminosities found for the
RASS-CVs and the IPs, while Fig. 1 shows the weight per object
(inverse of the generic volume) over its luminosity.

Just as a reference, the published values of p for the RBS, the
RASS, and the IP samples were ~1.5x1070 pc™, 4*$x 1070 pc 2,
and 1*), x 1077 pc™3, for scale heights of 200 pc, 260 pc, and
120 pc, respectively (Schwope et al. 2002; Pretorius & Knigge
2012; Pretorius & Mukai 2014). The comparison with the val-
ues listed in Table 4 shows that all newly derived densities are
smaller than published ones but still within the published errors.

The statistical errors of p of the non-magnetic CVs could
be reduced very significantly thanks to precise Gaia data. The
statistical error of p for the IP sample is still large due to the
shallow flux limit.

For the RBS-CVs, the space density is safely below 1.8 x
1079 pc= at 90% confidence but could be smaller than 1.1 x
1076 pc=3 if the scale height were found to be as high as 260 pc
as assumed by Pretorius & Knigge (2012). This result remains
unchanged if the fluxes in the band 0.5-2.0keV are used (third
row in Table 4). The RBS-sample consists of long- and short-
period CVs. It therefore appears possible that not all objects
belong to the same galactic population. The use of just one scale
to characterise the sample is likely an oversimplification.

The RASS-CVs (RBS+NEP) are compatible with a signif-
icantly higher space density thanks to the lower flux limit of
the NEP. The inclusion of just four CVs from the NEP-survey
implies a space density that is larger than without this inclusion
by a factor ranging from 4 to 7. Figure 1 illustrates that at a
given luminosity each of those CVs has a higher weight than a
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Fig. 2. Published (upper panel, adapted from Pretorius & Knigge 2012;
Pretorius & Mukai 2014) and revised (lower panel) luminosity distri-
butions of the RASS-CVs (blue-shaded histogram) and the Swifi/BAT-
selected IPs (red). The bin width is 0.2 dex.

corresponding RBS-CV by a factor of approximately ten. The
whole sample is dominated by just one CV, the low-luminosity
object EX Dra, log Lx = 29.8ergs~!, a rather unhealthy situa-
tion for the whole analysis.

The pre-Gaia distances of the RASS-CVs were quite reli-
able, hence the median X-ray luminosity of the RASS sample
remained unchanged at log Lx = 31.2ergs™!. The distribution
of luminosities is less dispersed in the centre but slightly more
fuzzy at the outskirts (Fig. 4). The standard deviation of log Lx
was 0.54 dex and is now 0.57 dex; omitting the highest and low-
est values it was 0.46 dex and is now 0.38 dex.

For the IPs, the first important thing to note is that all but one
object, GK Per, have larger distances than previously assumed.
They are therefore more luminous than thought; the median
luminosity is shifted from log Lx = 33.1ergs™! to 33.5ergs™.
Furthermore, the survey volume becomes larger and the space
density conversely smaller. An upper limit to the space density
of the IPs is p < 1.3 x 1077 pc™ at 90% confidence, a signifi-
cant reduction compared to the published value. The most likely
value at 7.4’:‘{:? x 1078 pc=3 is at 74% of the published one.

Distances to the IPs used by Pretorius & Mukai (2014) were
either taken from the literature (3 trigonometric and 4 photo-
metric parallaxes from the donor star) or were newly deter-
mined and based on WISE IR-magnitudes combined with the
semi-empirical donor sequence by Knigge (2006). Not surpris-
ingly, the mean distance ratio new/old is reasonably small:
drye = 1.12 for the three IPs which previously had a trigonometric
parallax — among them GK Per with a Gaia distance smaller than
published. The IPs with photometric parallaxes of the donor have
dc = 1.33 and those with estimated distances from WISE and
the empirical donor sequence have a mean ratio dy, = 1.74. This
leaves the two possibilities that either the IR donor sequence is
somehow biased or that an additional emission component (dust,
cyclotron radiation, free-free emission) mimics brighter secon-
daries.

Otherwise the IP sample appears more homogeneous than
the sample of non-magnetic CVs. There is not one object or

subgroup of objects that dominates the space density. However,
given the relatively high flux limit the number for p derived
here is valid only for the potentially rare objects with high lumi-
nosities. The putative class of low-luminosity IPs remains to be
uncovered (see e.g. Worpel et al. 2018).

This present study provides an update on the space density
of X-ray-selected CVs. Cataclysmic variables appear to be rarer
than previously thought. While the limitations due to uncertain
distances are overcome thanks to Gaia, major obstacles remain
preventing further progress. These are the small sample sizes that
are due to shallow flux limits of past X-ray surveys and a lack
of information regarding the proper scale heights of the samples.
It also appears likely that the existing samples are inhomoge-
neously composed as far as their scale height is concerned; they
contain long-and short-period objects. Further, some of them
lack determinations of their orbital period, which could be used
to assign class membership, that is, membership of an older or
younger population with corresponding scale height. The lim-
itation caused by the small sample sizes will hopefully soon
be overcome as a result of the upcoming eROSITA all-sky sur-
veys (Merloni et al. 2012; Schwope 2012) with an all-sky flux
limit comparable to the ROSAT-NEP survey but with enlarged
energy coverage, 0.3—10keV, and better spatial resolution com-
pared to ROSAT. Performing the survey is just the first step on
a longer journey, eventually involving spectroscopic identifica-
tion, classification, and detailed follow-up to determine orbital
periods.
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