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rhiauedayasynsunamdalameiues cataclysmic variables (CVs) fifumy
Tndnnautfiniensssialugansianuly Catalina Real-Time Transient Survey (CRTS),
Sloan Digital Sky Survey (SDSS) uwag All-Sky Autormated Survey for Supernovae
(ASASSN) 91U 16 SEUU S1@wnsainaty superhump (Pg) v89 CVs IEn e
S 8 szuu TneisiAumy Cvs aunslaasdu (Py < 2 Halug) $1usu 8 szuu 16un
ASASSN-16bi (Psh = 83.8 11#1), ASASSN-16cq (Psh = 85.4 un#), ASASSN-16da (Psh =
82.5 ), ASASSN-16ez (Psh = 82.9 Un¥), ASASSN-16fu (Psh = 81.96 W), ASASSN-
16¢h (Psh = 92.06 W¥l), ASASSN-16lf (Psh = 89.76 wn¥l) uaz ASASSN-16bh Ay
superhump Us¥alna Fhﬂ'mﬂ’l'ﬂﬂaﬁﬁﬁaaﬁqﬂ (period minimum) ¥4 CVs (Psh = 78.99
W) e uun Vs wanidndiu SU Una dwarf novae wanainiisdafumu AM CVn
1wy 2 szuu Taefiany superhump sl CSS150211:091017-200813 (Psh = 29.67 i)
KAy ASASSN-15s7 (Psh = 37.53 wn#)

A11an: Cataclysmic variables, dwarf novae, SU UMa, AM CVn
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Cataclysmic Variables (CVs) Lﬂui:wma@:LLUU’Lné’%mﬁmﬁumsﬁuﬁﬂiznauﬁw
AMLATEAN (white dwarf) WagATLnamuLaUddUman (low-mass main sequence) il
wadiuivieiuealssd (Roche lobe) warididowanaansganuasyann Inuwnisves
CVs Qﬂ‘ﬁ'uLﬂﬁiauﬁaamsqmﬁdmuuﬁuL%qagmhuminism_ums magnetic  braking
(Verbunt & Zwaan 1981; Rappaport wagmy 1983) uaz gravitational radiation
(Faulkner 1971; Paczynski & Sienkiewicz 1981) dsaerili cvs fYaunmslulumasay
melpasfiduas  tunsshaansluuouddiumdniinasiifu Fravvilnssuiunisinnansy
lelasiauiusinaununamgnasuazanagluanusfiouunsn  dwalisafiiuiuluoued
wafidanas neading1n CVs wwiifuunnisinunislaasiidosdian (minimum orbital
period)  wazariTanmidaunduludiatunsiaasieniu WUUEI889U1ATFINALIEAIY
aslaasiifos fiuszanc: 65 Uil (Kolb & Baraffe 1999; Howell kawame 2001) Tuauei
nsfananwuIlatuszanm 75-80 undl (lu Ritter & Kolb 2003; Knigge 2006; Gansicke
wazAs 2000) uaﬂaﬂnﬁLLUUﬁﬁaaauﬁmigﬂuﬁqLLa@]ﬁﬁLﬁuiﬁﬂssmm 99% FuUUTLVING
83 CVs silaunisleasd (P, < 2 h) uagUssanm 70% vas CVs enunislaasdumanil
miﬁ?i’mmm‘ic\i']umum'ﬂﬂ%ﬁﬂaaﬁqﬂlﬂuﬁq (Kelo 1993 Howell uazme  1997)
Lﬁaamnﬁi’wu'mﬁ‘uaam'umﬂms%%mﬁu‘%nmmUﬂﬁIﬂﬂiﬁé?uﬁqﬂ fatuAIswg CVs
Fnnunniiudnamunslaositeeian witkuninnisnszaiefossyngues Cvs Al
nnsfanandulinunisazauvesssutiivinamunislaasives fiannudinguivinng
(Kolb & Baraffe 1999; Willems wasatug 2005)

AnudaLdssEvindeiuuuasnig uasuiuN NI TR TEEINSTBN
Cvs nmisdann onaunaunanaralivdusueuudiaes videomueinnavems
\Bandans (19U Gansicke 2005) lufunisdune ngushednanes Cvs Tunaneieaiiag iy
mdndendiesifefuldgnresiiude Tquseasdrdnde  ilsanuavssmadendunad
wilunguineeiawes Cvs fignéusuieuntnd fadrswadindivani Wy Palomar Green
Survey (Ringwald 1993) Hamburg Quasar Survey (Gansicke uwasptuy 2002;
Aungwerojwit Laramg 2006) Sloan Digital Sky Survey (Szkody kazmalz 2002, 2003,
2004, 2005, 2006, 2007, 2009, 2011)) Taglutlagiiu SDSS Wuwadndfansafum Cvs
fflmmadaleannfian Gansicke wagamy (2009) wandlsifuiiuaunmniansznedaved
CVs 910 SDSS finrmuanssesaduifannngusediewes Cvs mnisefudiug Tudeuwdh
dynwesing nanfe audidenu Cvs duawmnlutasmumslaasii 80-86 wnit ved
iown91n SDSS awsa ‘wes Taglddnd i = 19 uundye uwiptdlsAmudwaieey

Py - o | Vo o e 1
nslAvstoeAigaues CVs Tu SDSS HipauaAnseaInAIMLUUT1a0uIRI§INYILIENINNTN
10 Wl uazuenALSATIEILTRY CVs AUNSIATIAURIATUNISIARSE I S INNITANNS

Sandlifulumuiiuuusasunnsgiuviute (Aungwerojwit uasaasy 2006; Pretorius Ay
riuy 2007; Pretorius & Knigge 2008)



WoRmzuidgwwand ldSwhnséum cvs ffleruadedraiaiduwesndnmsuds
AANNNETNE LU Catalina Real-time Transient Survey (CRTS; Drake wazAmg 2009) CRTS
asouURgua i Timudndnaziign |6 > 10" waspRdLuTY & > -30° FechiSouiuiuiud
ffasiilunisdisiaves SDSS wefl uaz All-Sky Automated Survey (ASAS) Tnseumgy
Josfhuenssuunuinin (Shappee uavamy 2014) uanefngvaniasyinistonm
Ingisindurinuniedwralendusrasnamated cvs dawluaflu CRTS uaz ASAS
anfununnnisseda viadlessuugniilifadetuinngs 25 uwundign Fwwaeliifians
sudafluundyn > 19 Fedafuniadifaveareding dufuanniserdeauiiviems
sudnves CVs CRTS uay ASAS Jeanunsafunussuuitegluiiuiiviosiifeatufiu SDSS ud
Senuadmnnaimateunniyn (adfeUseunn 22 wuniiyn) ety CVs 990 CRTS uay
ASAS ssifunguiisgiaves Cvs fadigaluliatiy nsfnwauduiusvaonddgnuat
arwfivaamsseidaves CVs Tu CTS Tag Wils uazany (2010) uandlifuissuuitadly
CRTS wiehiltsznaudng Tagileglng was dwarf novae fifiruadaagauiiade

Iuiﬂiamﬁ%’ﬂ%ﬁ'msi'ﬂﬂ'IUﬂﬁIﬂﬂwaaﬂejuﬁ'mth‘um Cv lu CRTS, ASASSN way
SDSS Amadiiign ( ~ 22) uislfidufimundnuarres Cvs Aitmuadiedauriass
Fuduvssernslaedlngves Cvs s Tngldndednamsmizasantuitonaeans
WHTIR (23ANITUINTY) VU1 0.5 LUAS Wae 2.4 1S s“?aa&‘i:ﬁwaﬂmnl,l,mfdﬁﬂ R IERE
pogdumuul ndedlnsnssatiue 0.6 WRs PROMPTS ssegdl vagariwals Inlala
Usunedd uazndadlninssalaiuedlagseuudslul® 0.7 wes Gao Mel Gu (0.7m-TRT-
GMG) wasaniuidensimans fiiads o vieganainwey (Gao Mei Gu Observatory)
Usemadu
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2.1 Mydunanisal

lvhmsAndenuasivdoyamdWlnueiaes CVs 910 CRTS, ASASSN uay
SDSS Fefinnsudsraruaindlasdiaruaiiessnin >17 uwindge sufeszuuiifinissada
nglutis ~14-19 wunilgn fisleglunmsnewes SDSS  wasvhmsifiudeyalnelinges
Tnansselvuns 2.4 was sennfiuddfaenmnainuiigs ULTRASPEC (TNT/Uspec) Yaivia
AT IReiunTsiesin aeeduvuw nasdlvsvIsmivute 0.5 RS (0.5m-TNO)
YoavenAIRRiunIniieRT retBuniwi  ndpdnsnssadaurulagszuudmlul@
0.7 WS Gao Mei Gu (0.7m-TRT-GMG) wasdminifomsimand fzads w NaAATILNN
wue] (Gao Mei Gu Observatory) Useinedu uagnaadlnsnssmiaunslngszuudnludd
0.6 w3 PROMPTS (P8) wasaniiulionisenans fifnsa m vegauzals Tnlala (Cerro
Tololo Obseratory) Usginedd Ineiitnguszasdiiioinnunnslans wasatu superhumps
VDIIYUU |

CVs @10 CRTS, ASASSN uag SDSS leiun CSS150211:091017-200813, ASASSN-
155z, ASASSN-16af, ASASSN-16bf, ASASSN-16bi, ASASSN-16bh, ASASSN-16by, ASASSN-
16cg, ASASSN-16¢q, ASASSN-16da, ASASSN-16er, ASASSN-16ez, ASASSN-16fi, ASASSN-
16fu, ASASSN-16gh, ASASSN-16lf, SDS5J124043.43+671035.9
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Objects mag Date Telescope Filter Exp.{s) No.
C55150211:09101 7-200813 16.3 20150212 P8 v 30 208
20150213 P8 \ 45 | 285
' 20150214 P8 v 35 355
20150215 P8 v 35 140
20150216 P8 v 100 300
20150217 P8 v 100 120
20150219-2¢6 P8 vV 100 500
20180114 TNT/USPEC KGS 30 13
20180222 TNT/USPEC KG5 30 3
20180318 TNT/USPEC KG5 1 6431
20180319 TNT/AUSPEC KG5 3 4533 -
20180320 TNT/USPEC KGS 3 5157
ASASSN-15s5z 19.5 20151122 P8 V 10 520
20151123 F8 v 10 432
20151124 P8 8 100 20
20151126 £8 C 100 100
20151127 Pg Y 10 200
ASASSN-16af g=21.9 20160112 P8 V 30 144
20160113 P8 € 30 “114
20160114 Pa C 30 . 250
20160115 P& C 30 250
20160116 P8 C 30 250
. ASASSN-16bf B=22.0 20160206 P8 C 100 120
20160207 F8 C 100 140
ASASSN-16b1 R=20.6 20160208 P8 vV 7 20 400
20160209 P8 vV 20 400
20160210 P8 Y 20 300
20160111 P8 Y 20 220
20160212 Pa v 30 98
20160213 P8 W 30 199
ASASSN-16bh B=20.3 20160211 0.5m-TNO vV 15 782
20160212 0.5m-TNO v 15 1388




Objects mag Date Telescope Filter Exp.(s) No.

20160213 0.5m-TNG v 15 906

20160213 0.7Tm-TRT-GMG  C 15 500

20160214 0.5m-TNO vV 15 898

20160214 P8 v 15 300

20160215 P8 v 15 350

20160216  0.Im-TRT-GMG = C 15 500

20160216 P8 vV 15 300

ASASSN-16by no match 20160221 P8 C %0 148
20160222 P8 0 185

20160223 P8 C 0 178

ASASSN-16cg V>18.1 20160301 P8 C 80 a2
20160302 P8 ¢ 80 58

20160303 P8 Q 80 72

20160304 P8 C 80 76

ASASSN-16cq g=227 20160307 0.5m-TNO v 20 330
20160308 0.5m-TNO v 20 426

20160310 0.5m-TNC v 50 165

20160311 0.5m-TNG v 50 167

20160312 0.5 TNG v 50 121

20160313 0.5m-TNO v 80 110

20160316 0.5m-TNO vV 7 110 15

20160318 0.5m-TNO v 40 54

ASASSN-16dz g=215 20160314 0.5m-TNO v 110 179
' 20160315 0.5m-TNO v 80 283
20160316 0.5m-TNO v 110 169
20160317 0.5m-TNO v 110 162

20160318 0.5m-TNO v 140 175

20160319 0.5m-TNO v 140 110

ASASSN-16er nomatch 20160426 0.5m-TNO v 30 27
20160427 0.5m-TNO 20 271

20180427 (=] C 30 58

ASASSN-16ez =213 20160510 0.5m-TNO v 2 4
20160511 0.5m-TNO v 20 460




Objects mag Date Telescope ' Filter Exp.(s) No.
20160512 0.5m-TNO V 20 270
20160513 0.5m-TNQ v 30 251
20160514 0.5m-TNG v 30 325
ASASSN-16f1 no match 20160520 P8 C 8¢ 34
20160521 PR C 80 123
ASASSN-16fu . g=216 20160609 P8 v 30 227
20160610 P8 \ 30 262
20160611 P8 v 30 219
20160615 P8 v 30 67
20160616 P8 v 30 285
20160618 P8 v 30 229
20160619 P8 A 30 300
ASASSN-16gh no match 20160620 P8 v 20 115
20160621 P8 C 20 176
20160622 P8 & 3¢ 5
20160623 F8 C 3o 175
20160627 P8 C 60 98
20160628 P8 C 60 203
20160629 P8 C 60 200
ASASSN-161f 20.2 20161006 P8 C 30 122
20161007 P8 i 30 30Q
23161008 P8 C 30 136
20161009 P8 C 30 128
20161010 P8 C 30 204

'5DSS1124043.434-6T1035.9 ¢=18.2 20160408 TNT/Uspec = KG5 20 363




2.2 n5saaYdoya

K]

mMs3mddeya (data reduction) Aanisaudnanadiliifesniseanain  scence
frames/raw images yiafunsviildinm “asan” fu Tefgeailifomisiindnudin
Mnlasiaiewesddn mssmddeyanarlawasainndednanssend 05 was laduiiunns
Tulvsunsy MIDAS  Fadulusunsidmsisdamenensmnmenandiugs  Augeddalu
Tusunsudesfidoutulae  Gansicke8. T. (2004) waznsimddoyaain ULTRASPEC
FufiunisiuaAdauns ULTRASPEC vadnuas Sutunlaefiu ULTRASPEC msiiddoya
vl tidunsusiaelud

1. N1TAUEYNM bias (bias-subtraction)

ToerhlUlud@d faynamedidmseindndnaedda Tafindnluitevdnides
Aduavluserinimsulasdygueruiaendufinealunssuiumssudoyatres 3
(CCD readout) 131aunTnavIzsuasluLes (bias level) osnannmldlasmainen
nafievaslunoainisn (mean bias frame) Uszana 10 aaw dmiunfesddmily uas
Usza 50 nw dudu USPEC 1nausanain mwdaya Famsinelunea Wunsaeam
TnenmsTatmeeiuasldfinalunmsde 0 Junil viaunssrumdaanaumadidnmssingdly
ASPUIUM TN UTBYEVRITTA

2. n1sau “nszuddin” (dark current-subtraction)

ol 154

TowmlUlugas fhifnsvaadudeslulasiaunarnzianufouiniulade

.
ot =4

a & o = Y aaia v, = Y
E]Lﬁﬂﬁ'i'i]u‘lﬂl.ﬂﬂ"iﬂﬂﬂ')']ﬂ?ﬂﬁlﬂqﬁﬁﬂ LUUﬂﬂLﬁﬂlﬁLﬂﬂ NIXLLANR %QLﬂuﬂﬁUﬁyﬂmi‘Uﬂ?uﬂﬂﬂ‘ﬂ

<
o

amenedEn “andsn” Tnefisnoudidnnseuiifinnnaufeuluddi Judedulneaseiu
nenildlunsavihndestashnsfudoya fdudlefesaunssiadisnfeninadens
avsy TeemsUedawes  sarldoalums@emindsayiniunarililumsiudeye
Uszanes 10 o dieruwnainisuede (mean dark frame) uasihanmdendnluay
FOAINAU DA

3. 1IN flat-fielding
Towndis udasiina denulremsuuadlduiiu aifenaidewnan
ASPUILUNISHERTTR  visopnafinainnisasaueuuunssAanLasauduendas  vieludn
#aer TumaUfoRmaunse “Usu” THER uhasfinwallauamnsalunsiuuaayiniu
18 Tnemstenmmuinaiuaginsnssaiofuuvaiege Wy viedih vie sky flat-fleld
TnelfurunsawanSeflawmaiinaiuiunafivioya Usean 10 am Wovnuan¥las
wsuads (mean flat-field frame) wazthawdianamluvsnmdeya faussdivluueduay

NsrualMEUTaLILAY ANNANNTT

Raw images — mean bias — mean dark

Reduced images =
Mean flat fields
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3.1 nsas1ensIueEs

m‘i'ﬂsﬁq%’ayamqmﬁmam%ﬁaq’lumwﬁ%ﬁaﬁﬁuﬁauﬂ%ﬂislaﬂﬁﬁu s aududo
“afin” (extract) WSoTnUTunawuRaznsiaglunm wievilnlnwsivesaniuragms
thuss Fslunuideilld Bertin’s SExtractor (1996) TneuSnaitinliareglugivesuuniiyn
\aesile (instrumental magnitude) LT1AINTINLALYDY CVs R svidntaisudaalyln
g3 Fudunedamsinenuainesingiisuiuauainesniisuifisusasand

f539daU Iﬂamﬁﬁlﬁ%agﬁugﬂmawasﬁqmeﬁgm (am) ®IUANNTS

Am = mta:get—mcl
o my,, = winigmlsnguosing
me, = WunigainngraniSeuiioy
lned
me -mg, = Al
dlo mg, = WuNiAveINIINTINADY

Ul 116 ugmansmuasiivioinnisdunnvasssuuiiandlumsied

MeazdenvoInTInLeEs Lanslunis1an 2

1

LA
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Cbjects

Comments on Light curves

€55150211:091017-200813

ASASSN-15s2

ASASSN-16bf

ASASSN-16bh

ASASSN-16bi

ASASSN-16by

ASASSN-16cg

ASASSN-16cq

ASASSN-16da

ASASSN-16er

ASASSN-16ez

ASASSN-16fi

ASASSN-16fu

ASASSN-16gh

ASASSN-16lf

SD55)124043.43+671035.9

Superhump structure with the strongest peak at 48.523 d¢" or Psh = 29.67 min
Superhump structure with the strongest peak at 38.36% d” or Psh = 37.53 min
1 mag variation with a possible period at 10.11 d”' or 142 min

Superhump structure with the strongest signal at 18.23 d” or Psh = 78.99 min
Superhump structure with the strongest signal at 17.18 d” or Psh = 83.8 min
0.1 mag variation with no sien of superbump structure

0.1 mag variation with no sten of superhump structure

Superhump structure with the strongest signal at 16.86 d* or Psh = 85.4 min
Superhumg structure with the strongest signal at 17.46 d" or Psh = 32.5 min
Small variation of 0.2 mag with a sign of variztion at 21.20 d'

Superhump structure with the strongest signal at 17.36 d" or Psh = 82.9 min
0.6 mag variation with no sign of superhump structure

Superhump structure with the strongest signal at 17.57 d” or Psh = 31.96 min
Superhump structure with the strongest signal at 15.64 d* or Psh = 92.06 min
Superhump structure with the strongest signal at 16.04 " or Psh = 85.76 min

Flat light curve with 0.2 mag variation
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Amag

Amag

Amag

Amag

0z |
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Amag

armnag

Amag ATnag dmag

Amag

—— 77—
2 -
# ' ASASSN-16bf: 2016-02—06
F Fe bkt
L o {f”l (]
L H FTRPE! 1t
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X i
3 | [“ .
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e | I N M — T o AN 7
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FT T i : : = 1 T T L B T T T T T T T T
1.6 ASASSN-16bh: 2016-02-14 7
2 b 3
2.2 E M P S M| R . L 3
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7T T — L L T T T 4
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18 F 3
22 E L L =

L " L 1 s " 1 L L Il " | L
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E‘Uﬁ 4 NILEUDY ASASSN-16bh



dmag Amag Amag

Amag

Amag

Amag

Amag

— 71— —T——
08 F ASASSN-16bi: 2016-02-08 3

Ol? T T et TN AR 1014yt e A0 E
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ABSTRACT

AM CVn binaries are hydrogen deficient compact binaries with an orbital pericd in the 565 nin range and are predicted to be strong
sources of persistent gravitational wave radiation. Using Gaia Data Release 2, we present the parallaxes and proper motions of 41 out
of the 36 known systems. Compared to the parallax determined using the HST Fine Guidance Sensor we find that the archetype star,
AM CVn, is significantly closer than previously thought. This resolves the high luminosity and mass accretion rate which models
had difficulty in explaining. Using Pan-STARRS| datz we determine the absolute magnitude of the AM CVn stars. There is some
evidence that donor stars have a higher mass and radius than expected for white dwarfs or that the donors are not white dwarfs. Using
the distances to the known AM CVn stars we find strong evidence that a large population of AM CVn stars has yet to be discovered.
As this value sets the background to the gravitational wave signal of LISA this is of wide interest. We determine the mass transfer rate
for 15 AM CVn stars and find that the majority has a rate significantly greater than expected from standard models. This is further

evidence that the denor star has a greater size than expected.

Key words. accretion, accretion disks — stars: distances — white dwarfs

1. Introduction

AM CVn stars cccupy the extreme short perod tail of stellar
binaries, with observed orbital periods in the range ~5-65 min.
They consist of white dwarfs accreting material from Roche lobe-
filling companion stars, typicaily a lower mass white dwarf or
a semi-degenerate helium-rich star, The mass transfer in these
binarics is driven by gravitational wave radiation and they are
expected to be strong sources of low frequency gravitational
waves (Nelemans et al. 2004), In particular, the fact that their
binary properties such as orbital period and mass ratio can be mea-
sured from electromagnetic observations makes them useful as
“verification sources” for the Laser Interferometer Space Antenna
(LISA) mission. In a separate paper, we predict the gravitational
wave strain of the 16 currently-known LISA verification binaries,
11 of which are AM CVn stars (Kupfer et al. 2018).

There are three proposed channels for the formation of
AM C¥Vn stars, but their relative impertance is not yet clear.

* Photometry of AM CVn stars is also available at the CDS
via anonymous ftp to cdsarc.u-strasbg. fr (138.75.128.5) or
via http://cdsa.rc.uhstrasbg.fr/viz—bin/qcat?J/A+A/62@/
Al4l

Article published by EDP Sciences

The population synthesis models of Nelemans et al. (200 la) sug-
gest that the majority of AM CVn stars form from double white
dvvarf binaries that evolve closer together as a result of gravita-
tional wave radiation, and start mass transfer at orbital periods
of ~2-3 min (Paczyiiski 1967). Given these small orbital separa-
tions, the initial mass transfer occurs as direct impact, which will
lead to unstable mass transfer and hence merger in the majority
of cases. The fraction of double white dwarfs which survive to
become stable mass transferring AM CVn stars is highly uncer-
tain, and depends on the cfficiency with which the spin of the
accreter can be tidally coupled to the binary orbit to stabilise the
mass transfer (Marsh et al. 2004). There has also been a sugges-
tion by Shen (2015) that due to increased friction from ejected
material in nova eruptions earlier in the evolution of the binary,
all double white dwarf binaries will merge, and that no AM CVn
stars should form in this way.

The alternative is that the companion is a core helium-
burning star instead of another white dwarf (Savonije et al. 1986;
Iben & Tutukov 1987). Such a binary will reach a mintmum
period of ~10min before mass transfer starts and the helium
star will get increasingly degenerate as it evolves to longer
pericds.
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A third channel involves a hydrogea-rich cataclysmic vari-
able with a donor that is already partially evolved at the onset of
mass transfer. The binary then loses its hydrogen through evolu-
tion and accretion to become an AM CVn star with a period at
the long end of the range. It is considered an unimportant chan-
nel compared to the white dwarf and helium star scenarios given
the long evolutionary timescales involved, but potential progen-
itor binaries for this channel have been identified (Breedt et al.
2012; Carter et al. 2013b).

Only the two eclipsing AM CVn stars, YZ LMi
(SDSS J0926+3624) and Gaial4aae, have parameters measured
to high enough precision to discriminate between these models.
YZ LMi is likely to be of helium star origin, although the white
dwarf route cannot be ruled out completely (Copperwheat et al.
2011). Gaialdaae on the other hand, is inconsistent with a white
dwarf donor scenario, but it is also not straightforwardly com-
patible with either of the other models (Green et al. 2018b). A
detailed discussion of the three formation channels and a review
of the observed properties of the AM CVn population is given
by Solheim (2010).

A well-defined sample of AM CVn stars from the Sloan
Digital Sky Survey (SDSS) made it possible to compare the
observed space density of these binaries, o = (5+3)% 1077 pe~3,
to population synthesis predictions (Carter et al. 2013z). Even
though the models take into account a range of efficiencies for
the spin-orbit coupling and the subsequent AM CVn survival
rate, the models overpredict the space density by an order of
magnitude. The reason for the discrepancy is not clear, but may
be related to the uncertainty of the distribution of these bina-
ries in the Galaxy (Nissanke el al. 2012). Most surveys where
AM CVn stars have been found have covered only high Galactic
latitudes, and it is possible that a substantial fraction reside in the
Galactic plane.

One of the main limitations in modelling the spatial dis-
tribution of the AM CVn pepulation znd calibrating models
of space density and luminosity is the lack of accurate dis-
tances. Only five systems have a parallax determined using
the Hubble Space Telescope Fine Guidance Sensor (HST FGS;
Roelofs et al. 2007b) with distances to others are generally esti-
mated by comparing model fluxes with observations. With reli-
able distances we can determine the mass transfer rate, M, which
in conjunction with an orbital peried, can constrain which of the
three formation channels the binary formed. In turn, this can pro-
vide a more reliable value for their space density.

The Gaie Data Release 2 (DR2) on 25 April 2018 pro-
vided the parallaxes of 1.3 billion stars down to G ~ 21
(Gaia Collaboration 2018a) and has allowed us to determine
the distances to 41 of the 56 known AM CVn stars. The first
Gaia data release (DRI; Gaia Collaboration 2016b) in Septem-
ber 2016 relied on a combined Tycho-Gaia astrometric solu-
tion (TGAS; Gaia Collaboration 2016a), and did not include any
AM CVn stars, However, it included parallaxes of 16 hydro-
gen cataclysmic variables (CVs; Ramsay el al. 2017), which pro-
vided a validation of the Disc Instability Model which is widely
used to model accreting binaries, including AM CVn stars
(Osaki 1989; Kotko et al. 2012; Cannizzo & Nelemans 2015).
Another key result from this work was the comparison between
the HST FGS, Very Large Array radio data and Gaia DRI par-
allax measurements of the CV §S Cyg, which resolved a long-
standing discrepancy in the distance to (and hence luminosity of)
this system., and showed that the HST parallaxes may be unreli-
able. :

In this paper, we use the GDR2 parallax measurements to
determine the absolule magnitudes of AM CVn stars and their
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mass accretion rates. We then use these results to infer the space
density of these binaries.

2. The known AM CVn stars

Observationally, AM CVu stars are characterised by their hydro-
gen deficient optical spectra and blue colour, so surveys for
AM CVn stars have typically focussed on these properties to iden-
tify new members of the class. The past decade has seen a rapid
increase in the number of known AM CVn stars. Firstly because of
a dedicated spectroscopic survey of colour-selected targets from
SDSS (Carter et al. 2013a, and references therein) and secondly
from photometric and spectroscopic follow-up of transient events
in large area photometric surveys, such as the Catalina Real-time
Transient Survey (CRTS; Breedt et al. 2014), the Palomar Tran-
sient Factory (PTF; Levitan et al. 2015) and the All-Sky Auto-
mated Survey for Supernovae (ASASSN; Breedt 2015).

Since the data compilation by Levitan et al. (2015), a num-
ber of additional AM CVn systerns have been discovered. Some
of the more recent discoveries include Gaialdaae, the first in
which the white dwarf is fully eclipsed (Campbell et al. 2015;
Green etal. 2018b), ASASSN-15fp, the longest period AM CVn
systerm to have been observed in outburst so far (Cartier et al.
2017; Marsh et al. 2017), and SDSS J1351-0643, the first system
with a period shorter than 17 min to be discovered in ~15 years
(Green et al. 2018c). In Table 1, we list the 56 AM CVn stars
known at present, ordered by increasing orbital period. We pro-
vide a full table, including J2000.0 and J2013.5 sky coordi-
nates and multi-wavelength photometry at the CDS. The column
description of the full table is shown in Appendix A.

Time series spectroscopy remains the most reliable method to
measure the orbital periods of AM CVn stars, but it is a challeng-
ing task due to the faintness of many systems and the short expo-
sures which are needed to phase resolve the short orbital period.
For systems which display outbursts (see Table 1) the superhump
period may be used as a proxy. These are flux variations observed
during superoutbursts, resulting from the interaction between the
precessing accretion disc and the donor star (e.g. Wood et al.
2011}, It is typically a few per cent longer than the orbital period.
Other proxies include the relationship between the equivalent
width of emission lines and the orbital period (Carter et al. 2013a),
and the recurrence time between outbursts (Levitan et al. 2015).

The orbital periods of the known AM CVn stars range from
5.4 min to 65.6 min. Eight of the known systems do not have an
estimate of their orbital period vet. AM CVn stars at the short
period end (Pyp < 20 min), are akin to novalike CVs, with hot,
high state accretion discs. The accretion rate drops as the binary
evolves to longer periods, and at the longest periods in the range
(i.e. lowest accretion rates) the discs are in a Jow, stable state. At
intermediate periods, 20 < Py, € 44—52 min, the discs display
~[—5 mag outbursts similar to the dwarf nova outbursts observed
in the hydrogen cataclysmic variables (Levitan et al. 2011, 2015;
Ramsay et al. 2012). The long period boundary below which
outbursts are observed is not sharp. For example, Gaial4aae and
ASASSN-15fp, with periods of 49.7 and 51.0 min respectively,
were discovered as a result of their outbursts, but the long-known
system GP Com with P, = 46.6 min, has never been observed
in outburst. Cannizzo & Nelemans (2015) show that this is a
result of the dependence of the mass transfer rate on the accre-
tor mass, in the sense that systems with a more massive accretor
have a higher mass transfer rate at a given orbital period. This
dependence is stronger at the Tong period edge than at the short
period edge, resulting in a mix of gutbursting and stable systermns
near Pop ~ 44—-52 min.
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Table 1. Currently knowo AM CVn stars ordered by ipcreasing period, either the orbital pericd (most reliably determined from spect:oscopic
observaions) or the supechurmnp period (sh) which i3 typically within a few percent jonger than {he orbital period.

Source d Outbussts? Mag. Range Reference parallax g Distance o
i (fitter) (mas) _ (mas) (p)__(pc)

Hm Cnc . X 21.1 1
V407 vul 9.5 X 19.9 (V) 2 0.095 0.327 1786 667
ESCet 10.4 X 16.5-16.8 3 0.596 0.108 1584 291
SDSS 1133 1-0643 15.7 X 18.6 43 0.596 0313 1317 531
AM CVn 17.1 X 142 4 3.351 0.045 299.1 44
SDSS 71908+3940 18.1 X 16.1 5,6 0.954 0.046 1044 51
HPLib 18.4 X 13.6-137 7 362 0.05 216 4
PTFLILY 1944815 22.3 N4 18.2-21.8 3 0550 0327 1339 355
CX361 229 X 17.6 9 1.016 0.146 971 156
: ASASSN-14cc 72.5 (sh) N 16.0-20.0 ) 10 0975 0.098 1019 108
: CRBoO 24.5 Ng 13.8-17.0 1y
3 KL Dra 25.0 S 16.0-19.6 12 1.033 0.149 056 133
PTF!L 12219+3 135 26.1 (p) NS 16.2-20.6 14
v&03 Cen 26.6 V4 12.8-17.0 13,14
PTFL107 19+4858 26.8 N4 15.8—19.4 15 1.144 0.301 g6l 304
ASASSN—lSkf 7.7 (sh} S 15.0 (V) ~19.4(B) 16, 17
Y7 LMi (SDSS 10926+3624) 283 < 16.6-19.6 18 1.824 0.549 577 324
CPEn 28.4 S 16.2-20.2 19 0.684 0.941 964 615
SDSS] 1043+5632 28.5:(p) of 17.0-20.3 14 0.830 0.668 979 573
CRTS J0910-2008 29.7 (sh) v 14.0-20.4 ) 45 0.695 0.471 1113 561
PTE1 J0943+ 1029 30.4 NS 169 (R)—ZO.’! () 20
CRTS ]0105+1903 31.6 Vg 16.3-19.6 21,22 1.382 0.457 1734 374
PTF1 11632+3511 327 (@ N4 17.9-23.0 20
CRTS J0744+3254 33: (p) < 17.4-21.1 14
V406 Hya 33.8 \ 14.5-19.7 23 2.391 1.050 504 493 .
PTF1]0435+0029 34.3 < 18.4 (R) — 7223 (g) 20 .
SDSS ]1’730+5545 352 ~ 18.5 (V) -20.1 14,242 1.061 0.382 911 420
V558 Vir (2QZ 71427-0123) 16.6 s v 15.0-20.3 25 1511 1.425 677 395
SDSS 71240-015° 37.4 Vi 16.8—1%.8 21 1.857 0.611 577 365
NSV 1440 27.5 (sh) Ng 12.4(VY — 17.9(3) 45 2.971 0.142 337 17
V744 And (SDSS ]0129+3842) 37.6 Ng 14.5-19.8 14,26,29 7066 0529 508 239
SDSS 11721+2’?33 28.1 S 16.0-20.1 14,31 0.79% 0.665 995 578
ASASSN-L4mv 41 (sh) N 11.8(WV)— 18.1 (V) 16, 17. 44 4069 0.1 19 241 7
ASASSN—14e'1 43; (sh) N 11.9-17.6 4:)] 17,33 3.92 0.045 255 2
SDSS] 1525+3600 44.3 X 20.2 31 1.928 0.276 524 N
SDSS TOR04+ 1616 44.5 J 17.8-19.0 28,30 1.203 0210 g8 1T
SpSS T4t 1+4812 46.0 J 12.4-19.7 29,30, 48 2.361 0.305 429 6
GP Com 46.6 X 15.9-16.3 32 13.731 0.060 730 O
CRTS 10450-0931 47.3 (sh) Vg 14.2-20.5 34
SDSS 10902+3819 48.3 N 12.8 (V) ~202 (@ 15,31, 35 2519 0.936 a6l &
Gaialdaae 49.7 v 13.6 (V)1 — 12.7 (g} 36, 49 3871 0.155 259
ASASSN-l?fp 51.0 (sh) e 15.7-20+ 37
sDSS] 1208+3550 53.0 X 18.9-19.4 30, 38,39 5.005 0.416 202
SDSSI1642+1934 542 X 20.3 31,39 0.621 0.730 1044 ¢
SDSS 7155243201 6.3 X 20.2-20.6 30, 41 2.395 0.609 443 0
SDSS 11137 +4054 59.6: X 19.0 24b 4.838 0.310 209
Vo6 Hya 65.1 X 17.6 42 10.694 0.148 93.6
SDSSI1319+ 015 65.6 X 19.1 40,47 4894 0.240 205
PU Aqr (SDSS 72047 +0008) ? N4 17.0-24 33
CRTS 70844-0128 ? Ng 17.4-20.3 14 0.393 0.341 1474
PTFL 10857 +0729 ? Ng 18.6-21.8 14
SpSsJ 1505+0659 ? X 19.1 24b 6.299 0.453 160
PTEL ]1523+1845 7 N 1’7.6—-23.5 14
ASASSN—M‘EV ? S 14.6 (VY- 203 B a1
Cyaial6all 7 N4 16.2 —20.6(G) 46 0.760 0.859 956
<DSS JOBA7 +4852 ? X 19.S(V)——20.4(g) 50 0.055 2.42 283

Notes. (P) implies the predicted orbial peticd pased onthe gutburst properﬂes (Levian et al.2015). v ©of X mdicate® whether the source h
seen in outburst. The references and full coordinates aré given in Appendix AZ.
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Table 2. Gaia DR2 and HST parallaxes of the five AM CVn stars
which were measured using the HST Fine Guidance Sensor.

HST Gaia
Source parallax parallax

(mas) (mas)
AM CVn L.65+0.30 3351 £0.045
HPLib 5.07+033 3.622 +0.053
CRBoo 2.97+0.34 N/A
VB03Cen 2.88+0.24 N/A
GP Com [3.34£0.33 13.73+£0.06

3. Parallaxes and distances of AM CVns in Gaia
DR2

In Table 1 we show the parallaxes for all AM CVn stars included
in the Gaia DR2: vut of the 56 known sysiems 41 have par-
allax measurements. The closest system is the long known
GP Com with a parallax of 13.73 + 0.06 mas, with the most dis-
tant being V407 Vul which has a parallax consistent with zero
(0.10+0.33 mas). In Table 2 we compare the parallaxes for three
sources which have both Gaia and HST parallaxes (V803 Cen
and CR Boo have no parallax in Gaia DR2). There is reasonable
agreement for GP Com. However, HP Lib is significantly more
distant and AM CVn significantly closer compared to the results
of HST. Indeed the HST parallax derived for AM CVn implied
a greater distance than other estimates and therefore implied a
high luminosity and mass accretion rate, all of which were prob-
lematic in explaining,

We convert parallaxes from the Gaias DRZ into dis-
tances following the guidelines from Bailer-Jones (2015),
Astraatmadja & Bailer-Jones (2016) and Gaia Collaboration
(2018c). Given the measured parallax @ with the uncertainty
U, the probability density of possible values for the distance
can be found by using Bayes’ theorem:

P(rlw, o) = % P(wlr, o0) PO, )

where r is the distance, F(w|r, o) is the likelihood function,
that can be assumed Gaussian (Gaia Collaboration 2018b). P(#)
is the pricr and Z is a normalisation constant. The prior is an
arbitrary function that expresses our knowledge on the distribu-
tion of the distances of AM CVn stars and allows us to introduce
assumptions in the inference procedure that are not related to
the measurement of the parallax itself. The properties of vari-
ous priors and their performance on the data from the Gaia DRI
have been investigated in Astraatmadja & Bailer~Jones (2016).
For this work we adopt the exponentially decreasing space den-
sity prior:

P(r) = {ui exp(-r/L) ifr> 0 @)

0 otherwise,

where L is the scale length. This prior implies a constant space
density of AM CVn stars for r < L and an exponential drop
for r » 2L where 2L corresponds to the peak of the distri-
bution. The choice of the value for L needs to be fine-tuned to
reproduce the distribution of AM CVn stars with the distance.
We adopt L = 400 pc calibrated on the mock population of dou-
ble white dwarf binaries (progenitor systems of AM CVns) from
Korol et al. (2017). For more detailed argumentation we refer the
reader to Kupfer et al. (2018). In Table | we show the inferred
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distance and uncertainty (which covers the 90 percent confidence
interval) for those AM CVn systems which have parallax mea-
surements in the Gaia DRZ. The distances range from 73 pc
(GP Com} to 1.8kpc (V407 Vul), although the latter is rather
uncertzin. The median distance is 580 pe. For sources closer than
340 pc the mean uncertainty on the distance is 9 pe, and for those
between 500-1000 pe it is 380 pe.

4, Galactic distribution

For the 41 systems with parallax and proper motions from
Gaia DRZ (shown in Table B.1), we calculate 3D Kinematics
and put constraints on their population membership: thin disc,
thick disc, and halo. Only AM CVn, SDSSJ 190843940, CP Eri,
SDSS J1730+3545 and SDSSJ1240-0159 have measured sys-
temic velocities based on radial velocity curves of their accre-
tion disc lines. Seven additional systems have a strong central
spike feature which can be used to measure the radial velocity.
These central spike lines are believed to originate close to the
photosphere of the accretor and are shifted with the gravitational
redshift of the accretor. Assuming an accretor with A7 = 0.8 M,
and a radius of R = 0.01 Ry leads to a gravitational redshift of
50kms™!, so we correct the measured velocity from the central
spike by 50km s~'. For the remaining systems with no measured
radial velocity, we assume O kms™! with an emor of £50kms™.

Combined with right ascension and declination, we calcu-
late velocity in the direction of the Galactic Centre (V,) and the
Galactic rotation direction (V,,), the Galactic orbital eccentricity
(), and the angular momentum in the Galactic z direction (J,).
The Galactic radial velocity V, is negative towards the Galactic
centre, while stars that are revolving on retrograde orbits around
the Galactic Centre have negative V. Stars.on retrograde orbits
have positive J,. Thin disc stars generally have very low eccen-
tricities e. Population membership can be derived from the posi-
tion in the ¥, — V, diagram and the J; — ¢ diagram following the
description in Pauli et al. (2003, 2006).

‘We show the results in Fig. 1. We find that the most of the
systems show a Galactic orbit typical for a thin disc popula-
tion (see Table B.1). About 10 systems have a typical thick disc
orbit. None of the systems show a halo orbit. In a small num-
ber of AM CVn stars, the extreme depletion of heavy elements
have been taken as evidence that these stars were halo objects
(GP Com: Marsh etal. 1991; V396 Hya: Nagel et al. 2009 and
PTF1.J0719+4858: Gehron et al. 2014). Our study has shown
that these AM CVn stars are likely thin or thick disc objects and
not hale objects. It is of interest to understand how disc objects
can have such low abundances of heavy elements.

5. Determining the line of sight extinction

To determine the absolute magnitude of AM CVn stars we need
to subtract the effects of interstellar extinction. Although 47 of
the 56 AM CVn stars shown in Table 1 lie at Galactic lati-
tudes |5} > 20° (implying the extinction is likely to be low), we
have determined the line-of-sight extinction to our sources using
3D-dust maps derived from Pan-STARRS]1 data (Green et al.
2018a). For each AM CVn star, we derived the extinction, Eg-vy,
for the sky co-ordinates and distance of that star given in Table 1
(the uncertainty is typically Eg.v ~0.02). To determine the red-
dening, we use Ay = R X Ep_v, where we assume the stan-
dard valee of R =3.2. To obtain the reddening in the g band, we
assume Ag = 1.1 X Ay (Cardelli et al. 1989). For those AM CVn
stars at declinations toco south to feature in the Pan-STARRS!
catalogue we use the dustmaps of Schlafly & Finkbeiner (2011)
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Fig: 1. AM CVn stars in the plane of the velocity in the direction of Galactic rotation (V) and the Galactic centre (V,) (eft hand panel) and the
orbital eccentricity (e) and the angular momentum in the Galactic z direction(J.) (right hand panel). The solid and dotted ellipses render the 3o
thin and thick disc contours in the V,—V,, diagram, while the solid box in the e~J, marks the thick disc region as specified by Pauli et al. (2006).

which give the extinction to the edge of the Galaxy in that line of
sight (this step was required for only two stars and given that the
upper limits are only 0.2 mag, we do not expect that this uncer-
tainty will significantly effect their place on the period — absolute
magnitude relationship).

We show the reddening to those AM CVn stars with paral-
laxes in Table 3. The median reddening of our sample is 4, =
0.14 mag, with 90 percent of sources having A, < 0.35 mag.
Therefore for the majority of our targets the effects of inter
stellar absorption has a small effect on the resulting absolute
magnitudes. The only source with a high extinction, V407 Vul,
was previously known to have a high degree of reddening
(Motch et al. 1996).

6. The absolute magnitudes of AM CVn stars

Using the distances shown in Table |, we show in Fig. 2 the
absolute magnitude, Mg, against the BP-RF (the “Blue Fho-
tometer” and “Red Photometer” colour derived from Gaia data)
of AM CVn stars and a sample of Galactic stars with accu-
rate parallax measurements. The single while dwarl track can
be seen in the lower left of the figure. High state AM CVn
stars are significantly brighter than the isolated white dwarfs,
being Mg ~ 6. The majority of quiescent AM CVn stars appear
1-2 mag brighter than the white dwarfs, being My ~ 8-12,
though a minority lie on the white dwarf track.

As the wavelength range of the Gaia G band filter is very
broad, it is not the optimal filter with which to test evolutionary
models which usualiy predict the absolute magnitude in the V
or g bands. We have therefore collated all the available multi-
filter photometry of the AM CVn stars from the Pan-STARSSI,
Skymapper, GALEX and SDSS surveys and we show (hese
in Appendices A.4-A.7 and associated tables. Since most sur-
veys release mean or median values for each source and filter,
the effects of outbursts are generally smoothed out and usually
they reflect the quiescent brightness for outbursting systems. In
Table 3 we show the mean quiescent g mag which we derive for
these systems. For most systems this magnitude is found from
analysis of the g-band data shown in the appendix. In the case
of ASASSN-l4cc, a short-period system which is in outburst
for around 60 percent of the time, the magnitude measured by
Skymapper is representative of its outburst magnitude. We there-
fore take its quiescent magnitude from Kato et al. (2015).

-5
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~1.0 —05 0.0 0.5 1.0 15 2.0
BP-RP

Fig. 2. An HR diagram made using Gaja DR2 data. In red we show the
absolute G magnitude, M;, as a function of the blue-red colour, BP-RP,
for AM CVns with known parallaxes. No reddening or extinction cor-
rections have been applied to this figure. For comparison, in grey points
we show a sample of essentially randomly selected main sequence stars
which have a parallax better than [ percent. For single white dwarfs
shown as slightly larger grey points) we have used the sample of white
dwarfs within 20 pc (Hollands et al. 2018). The majority of AM CVns
appear to be brighter than the single white dwarf track, though some
long-pericd systems lie on the track. A clear outlier is V407 Vul, which
has BP-RP = 1.5 through a combination of severe reddening and con-
tamination from an unresolved nearby G-star.

Based on these quiescent magnitudes, we calculate the abso-
lute magnitudes shown in Table 3. In Fig. 3 we plot the absolute
magnitudes of AM CVn binaries as a function of orbital peried,
for the 37 systems in which both magnitude and orbital period
are known. For those systems which outburst we also plot an
approximate outburst magnitude. For comparison, we show the
predicted magnitundes of the central white dwarf and the accre-
tion disc, both of which vary in magnitude as a function of orbital
period. We show two cooling tracks for a 0.65 My central white
dwarf, both taken from Bildsten et al. (2006): one assumes a
low mass transfer rate (as would be seen for a cool, Tow-mass
white dwarf donor) and one assumes a high mass transfer rate

(as would be seen in a hot, high-mass dwarl donor). The donor
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Table 3. Reddening in the g band (Ag), which have been determined
using Pan-STARRS1 data (Green et al. 2018a).

Source P A 8y M,

(min) (mag) (mag} (mag)
V407 vul 93 49  20.16 40+0.7
ES Cet 10.4 0.1 16.66 3.6+04
SDSST1351-0643 157 0.l 1866 8007
AM CVn 17.1 0.07 1426 6.81 +0.03
SDSSJ1908+3940 18.1 0.53 16.16 55+0.1
HP Lib 18.4 0.49 13.60 591+£0.03
PTF1J10194+4815 225 0.18 2051 97x08
CX361 22.9 1.16 17.48 6403
ASASSN-14ce 22.5 0.12 1.0 £9+02
KL Dra 25.0 0.18 18.62 85+0.3
PTF1 1071944858 263 0.32  19.15 92+07
YZ LMi 283 0.07 19.23 10.4+£1.0
CP Eri 284 035 20407 98+1.1
SDSS J1043+5632 28.5 0.07 2035 1033+ 1.0
CRTS J0910-2008 302 032 1939 9.9+09
CRTS J0105+1903 31.6 018 1965 10.1 = 0.9
V406 Hya 338 C.11 1997 114+ 1.5
SDSS J1730+5545 352 0.14 2005 10.1 £ 0.8
NSV 1440 363 0z 18.53 10.7+0.1
V5358 Vir 36.6 0.14 1999 107+ 14
SDSS J1240-0159 37.4 0.07 19.55 107+ 1.1
V744 And 376 0.28 19.88 11.1+08
SDSSJ1721+2733 38.1 0.07 2043 10.4+1.0
ASASSN-14myv 4] 0.04 1798 I1.0+0.1
ASASSN-14ei 43 021" 15.54 8.94 + 0,03
SDSS J1525+3600 44 3 007 19386 11.2+0.3
SDSSJ0804+1616 44 .5 0.18 18.60 8.8+04
SDSSJ1411+4812  46.0 0.07 19.44 112403
GP Com 46.0 0.00 1592 11.60+0.01
SDSSJ0902+3819 48.3 0.11 2039 120+ 1.4
Gaialdaae 497 0.04 1855 11.4 +0.1
SDSSJ1208+3550 53.0 0.07 1882 12202
SDSS J1642+1934 542 0.25 2035 10.0x1.0
SDSSI1552+3201 563 0.14 2040 120+09
SDSSJL137+4054 59.6 0.07 19.09 124 £0.]
V396 Hya 65.1 0.18 17.68 12642003
SDSSJ1319+5915 65.6 0.04 19.12 126 £0.1

Notes. Those stars where the reddening has been estimated using the
dust maps of (Schlally & Finkbeiner 2011) have a superscript m to indi-
cate 1t is the reddening to the edge of the Galaxy. The third columan
shows the quiescent g magnitude as determined from the survey magni-
tudes outlined in the appendix. In the final column we show the absolute
magnitude, M,. These data are also included in the online table.

masses assumed span the range ol white dwarl donor masses
predicted by Deloye et al. (2003), but we note that higher-mass
donors are possible through other evolutionary channels. The
accretion disc magnitudes are calculated by Nelemans et al.
(2004).

As Fig. 3 shows, a strong decrease in AM CVn absolute mag-
nitude with increasing orbital period is seen. High-state systems
{Pory < 20min) lie close to the predicted accretion disc magni-
tudes, as expected for these disc-dominated systems. Quiescent
systemns lie a little above the white dwarf cooling track, with an
excess that generally decreases with increasing period, though
there is considerable scatter between systems. For outbursling
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Fig. 3. Extinction-corrected absolute magnitudes (M,;) of AM CVn
binaries as a function of orbital period. For known outbursting systems,
we plot the quiescent magnitude, and show the magnitude change dur-
ing outburst as a dotted [ine. The dashed line is the predicted My of the
accretion disc as eriginally taken from Nelemans et al. (2004) while the
solid line shows the evolution of a 0.65Mg accreting white dwarf with
a high-entropy white dwarf donor, including accretion heating, from
Bildslen et al. (2006). Most systems appear somewhat brighter than an
isolated white dwarl model during quiescence, and close to the duty-
cycle-scaled disc magnitude during outburst.

systems, the outburst magnitude in most cases is far in excess of
the mean disc magnitude.,

All AM CVn systems shown in Fig. 3 are brighter than the
predicted white dwarf cooling track for 4 high-mass white dwarf
donor, and significantly brighter than the cooling track for a low-
mass white dwarf donor. For systems at Pog, > 50 min, which are
dominated by their white dwarf magnitudes, this is particularly
interesting. Tt may suggest that AM CVn donors have a system-
atically higher mass than predicted. Measurements of AM CVn
mass ratios imply a similar trend (Green et al. 2018c¢). If true,
this would imply either that white dwarf donors have higher tem-
peratures (and hence higher masses for a given orbital period)
than predicied, or that the majority of systems have non-white
dwarf donors.

Several individual systems are worthy of note:

— V407 Vul appears unusually bright due to the G star which
is co-aligned on the sky. Barros et al. (2007) estimated that
the G star contributes 92% of the light in the g-band, giving
a magnitude difference of 2.7.

— SDSS J1351-0643 has an unexpectedly low magnitude for
a high-state system, though its uncertainties are large. This
low magnitude could be explained if the system is at a high
inclination, such that the disc is viewed close to edge-on. Its
broad double-peaked spectrum and photometrically-visible
disc precession also support a high inclination.

— ASASSN-14ei, SDSST0804+1616, (Gaialdaae, and
SDSS J1642+1%34 seem to be unusually bright for their
orbital period. For some of these systems there is evidence
they may have a high mass transfer rate: SDSS JO804+1616
is unusually variable (Ramsay ct al. 2012), while Gaial4aae
is among the longest-pericd outbursting AM CVns and
has an unexpectedly high-mass donor star (Campbell et al.
2015; Greenetal. 2018b). As discussed in Sect. 7, the
elevated magnitude of Gaiald4aae is almost entirely due to
its hot central white dwarf.
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— Several systems have outburst magnitudes that are lower than
the general trend, including PTF1 J1919+4815, YZ LMi, and
SDSS J1240-0159. The first two of these systems are partial
eclipsers and therefore high-inclination, which will reduce
the observed outburst magnitude. The reason for the weak
outburst of SDSS J1240-0159, reperted by Roelofs (2007),
is uncertain.

7. Component magnitudes of eclipsing AM CVns

Three AM CVns are currently known which undergo eclipses.
In Gaial4aae and YZ LM, the central white dwarf is eclipsed,
while in PTFY 1919+4815, only the edge of the disc is eclipsed.
The first two systems present an opportunity to measure the fiux
contributions from, and hence absolute magnitudes of, their cen-
tral white dwarfs. We can additionally measure the flux contri-
bution from the ‘bright spot” component of these systems, this
being a bright region located at the point of collision between
the accretion disc and the stream of infalling matter from the
donor.

Photometry of YZ LMi in Sloan ugr bands and of Gaial4aae
in igri bands were presented in Copperwheat ct al. (2011) and
Green et al. (2018b) respectively. Both papers quote the mea-
sured white dwart fluxes, from which we calculate the abso-
lute magnitudes. To calculate the bright spot contributions, we
obtained the best-fit models presented in both papers and mea-
sured the bright spot contribution directly. Uncertainties were
calculated from the 1-¢- spread of the MCMC results created for
those papers when converging on the data. The absolute magni-
tudes we calculate for these components are presented in Table 4.
In the case of YZ LMi, large uncertainties result from the poorly
constrained Gaia parallax of the systemn. The /-band Gaialdaae
magnitudes are poorly constrained due to the small number of
eclipses observed in that band.

7.1. Central white dwarfs

These central white dwarf magnitudes may be compared with
the predicted white dwart magnitude track shown in Fig. 3, for
corresponding orbital periods. It should be noted that both white
dwarfs are somewhat higher mass (=0.85 M) than the mass
assumed in that model (0.65 M.). A larger mass effects the mag-
nitude in two ways: the reduction in size of the white dwarf
causes it to appear fainter, but the smaller surface area increases
the effect of accretion heating on temperature, With this caveat,
the central white dwarf ¢ magnitude of YZ LMi agrees rea-
sonably well with the predicted value of 10.6. For Gaial4aae,
the central white dwarf magnitude of 11.66(9) is considerably
brighter than the predicted magpitude of 12.4. As shown in
Bildsten et al. (2006), the white dwarf mass is less significant
than accretion rate for long-period systems like Gaial4aae. It
therefore seems likely that the elevation of the central white
dwarf magnitude of Gaial4aae above the model track is due to
a higher accretion rate than predicted, resulting in a hotter white
dwarf.

Given the tightly constrained absolute magnitudes of
Gaialdaae, the temperature of the central white dwarf can
be estimated. From DB atmosphere models (Bergeron et al.
- 2011; Tremblayctal. 2011; Kowalski & Saumon  2006;
Holberg & Bergeron 2006), for a surface gravity log(g) = 8.5 as
measured by Green et al. (2018b), these magnitudes in all four
colour bands predict a temperature of =17000 + 1000 K. This
temperature disagrees with the previously established tempera-
ture of 12 9004200 K established from UV flux (Campbell et al.

Table 4. Absolute magritudes of the central white dwarfs and bright
spots in Llwo eclipsing systems: YZ LMi and Gaial4aae.

Source Filter White Dwarf Bright Spot
YZ LMi r 16.9(1.0) 14.7(1.6)
g 11.2¢1.0) 14.1(1.5)
u 10.7(1.0) 14.5(1.6)
(Gaialdaae i 12.17(10} 15.7(1.1)
r 11.95(9) 14.6(2)
g 11.66(9) 14.8(2)
u 11.58(10) 14.4(7)

2015). The discrepancy may be the result of metals accreted
from the donor star, in particular nitrogen, which are expected
given the evolved nature of the donor (Nelemans et al. 2010).
Such metals would canse absorption in the UV not present in
a pure DB atmosphere, making the UV-derived temperature
unreliable. We therefore interpret 17000K as the most likely
temperature of the white dwarf.

7.2 Bright spots

The magnitudes of the bright spots in these systems allow for
their instantaneous mass tansfer rates, M, to be estimated. If
the luminesity of the bright spot is equal to the kinetic energy
released by the infalling maiter as it slows to match the disc
velocity, the luminosity can be described as

I

L= 2 MViream — Vit 3)
where Viear and Vi are vectors describing the velocities
of material in the stream and dise at the poeint of intersection
between the two. Assuming that the disc material follows a Kep-
lerian orbit and that the stream trajectory is ballistic, these can
be calculated based on the measured stellar masses of the sys-
tern. The luminosity found by Eq. (3) can then be converted to
a magnitude using an assumed spectral response for the bright
spot. We assume the spectral response of a 12000 K black-body,
as was vbserved for the cataclysmic variable IP Peg (Marsh
[988). To account for cur uncertainty in this choice of spectral
response, we increase the uncertainties on the predicted magni-
tude by 0.2 mag, and propagaie this through to the uncertainties
on M. We find log(M /Mg yr) = —10.6 + 0.4 for YZ LMi and
—10.74 = 0.07 for Gaial4aae. )

For coniparison we calculate theoretical values of M based
on the photometrically measured masses, using the relations in
Deloye et al. (2007). Tt is necessary to assume a value for the
donor star’s response to mass loss, dleg(R)/d log(M). For this
we assume 0.2, which approximates the tracks in Deloye et al.
(2007) lor donors evolving isothermally. For YZ LMI, the pre-
dicted log(M/Msyr™') = 10.0 is within 1.5-¢ of our mea-
sured value. Given that these uncertainties are likely to be
non-Gaussian, we do not consider this discrepancy to be sig-
nificant. In the case of Gaial4aae, an assumed donor response
of 0.2 implies log(M /Mgyr—') = 10.77, in good agreement with
our measured mass transfer rate.

The agreement in the case of Gaial4aae is, to some extent,
surprising. Deloye et al. (2007) predict dlog(R)/dlog(M) = 0.2
for AM CVn donors during their short-period evolution. How-
ever, once they evolve to pertods 240 min, a change of state in
the donor is expected that would result in this value decreasing.

Al4l, page 7 of 17
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Table 5. Mass transfer rates determined by fitting the SED of each system using a model consisting of a white dwarf plus steady-state accretion

disc model.

Source Period  logl0Q (M + M +
(mins) (Mg yr™) (Moyr™')
ES Cet 10.4 —761 046 25x10% 16x]10°8
SDSSJ1351 15.7 —858 L.13 26x107% 24x10”
SDSSI1908 18.1 —6.18 027 6.6%x1077  30x1077
HP Lib 18.4 -826 019 55x107°® 19x107?
ASASSN-14cc 225 —-863 014 . 23x107 65x10°40
ASASSN-14mv 41.0 ~859 016 26x107° 79x10°'°
ASASSN-I14ei 43.0 -10.14 013 72x1071! 19x10°U
SDSST1525 443 -10.15 046 7.1x107!"" 46%x107'!
SDSSI1411 46.0 -10.44 017 36x107'1 (2x10°U
GP Com 46.6 -1064 025 23x1071 [0x 107U
Gaialdaae 497 -1048 006 33x1071 43x10712
SDSSJ1208 53.0 —1L.15 015 7.0x10°* 21x]10°12
SDSSF1137 59.6 —11.09 028 81x1012 39x10712
V396 Hya 65.1 -10.86 026 14x1071! 62x10-12
SDSSI1319 65.6 -1094 026 L.1xI107" s52x10712

Notes. Apart from the eclipsing systern (Gaialdaae}, we fixed the mass of the white dwarf at M, = 0.8 + 0.1 Maand cos(i) = 0.5. We varied radius
of the accretion disc to achieve a good fit. The large error the mass transfer rate of SDSS T1505 is due to the large error on the distance,

The fact that 0.2 still appears to hold for Gaial4aae agrees with
our suggestion in Grecn ct al. (2018b) that the donor has not yet
undergone this change of state.

Recent work by Piersanti et al. (20i3) predict the mass
accretion rate for systems with periods shorter than 22 min.
However, we use the work of Bildsten et al. (2006) who give
a relation between the mass transler rate and the temperalure
of the accretion-heated central white dwarf in AM CVn systems
for the entire orbital period seen in AM CVn stars, Bildsten et al.
(2006} predict that, for long-period (P = 30 min) and hence low-
M systems, energy radiated from the white dwarf core will heat
the surface more than energy from accretion. The surface tem-
perature will then be higher than would be predicted from A/
alone. This can be seen in Gaialdaae, where the M measured
above would suggest a black-body white dwarf temperature of
3506 K. The difference between this and our measured temper-
ature of 17000 K implies, as predicted, that the temperature has
decoupled from M.

8. Mass transfer raie as a function of orbital period

One of the reasons that determining the theoretical space den-
sity of AM CVn stars has so many uncertainties, is that although
there are three likely formation channels, the relative importance
of each channel is not well determined. The formation chan-
nels largely differ in the nature of the mass donating star. A
white dwarf donor would start mass teansfer at short orbital peri-
ods, whilst the helium star, or highly evolved CV donor, would
initially evolve to short orbital periods before evolving to long
periods as the mass donating star becomes fully degenerats (see
Solheim 2010 for a detailed overview).

If we were able to accurately determine the mass transfer rate
for many sources with a range of orbital period we would make
progress 1n understanding the relative importance of the forma-
tion channels since they follow different tracks on the Py — M
plane. Determining reliable values for M requires photometric
information across a wide range of the spectrum, including the
UV, where much of the accretion luminosity is emitled (sspe-
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cially for short period systems, for instance, Ramsay et al. 2003,
2006).

For AM CVn stars which have a parallax accurate to within
20 percent, we converied the multi-band photometric data out-
lined in the appendix to flux units (Jy) (we also included SDSS
J1251 since it has a short orbital period — 13.7min — and is
therefore interesting from an evolutionary point of view). Some
systems, such as KL Dra and AM CVn show a large scatter
between the multi-filter flux measurements (possibly due to out-
bursts in the case of KL Dra, and perhaps significant flicker-
ing in the case of AM CVn} and were therefore not suited to
determining their mass transfer rate by this means. There were
15 gystems which had suitable data and we show their spec-
tral energy distributions in Fig. B.l. For the shortest orbital
period systems, the energy distribution is generally still increas-
ing at our bluest flux point (GALEX FUV). For long period sys-
tems we can locate the wavelength which the flux appears to
peak. .

To determine the mass transfer rate we sum up the contri-
bution of flux emitted from the white dwarf and accretion disc.
Although the cooling models of Bildsten ct al. (2006) assume
that the primary star has a mass of 0.65 My, the primary in
both of the eclipsing systems is M,;=0.8 My. We thereiore set
M, = 0.8 % 0.1 M for the non-eclipsing systems. We cal-
culate the radius of the primary using the formula of Eggle-
ton’s quoted in Verbunt & Rappaport (1988). We also assume
that the disc is accreting at a steady state and has 2 number
of annuli (40) which we compute the temperature assuming a
black-body. Again apart from Gaial4aae the system inclination
is not well determined and therefore we fix cos(i)=0.5 (apart
from Gaizldaae where i = 86.3°). An additional parameter
was the radius of the accretion disc, roy. There will be some
trade-off between royr and cos(i) which we did not explore in
detail.

We use modules readily available in python modules includ-
ing astropy. To determine the mass transfer rate and its
uncertainty we randomly select values for distance, mass and
extinction within the assigned errors with the other parameters
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Fig. 4. Predicted mass accretion rate, M, of Bildsten el al. (2006) a5 a
function of orbital period, where the accretor is a 0.65 Mg white dwarf
and the blue track has a cool donor star and the red track a hot donor
star. We show the mass transfer rate derived using a white dwarf plus
accretion disc model, GDR2Z parallax data and multi-wavelength photo-
metric measurements.

kept fixed and repeat this 50 times. From these solutions we
determine the mean value and standard uncertainty. Although
this is a fairly simple approach the mass transfer rate it is robust
enough to make general conclusions from the results as 2 whole.
In Table 5 we show the derived mass transfer rates. In Fig. 4
we show the mass transfer rate as a function of orbital period
along with two predicted tracks frorn Bildsten et al. (2006) and
we show the fit to the SED’s in Fig. B.1.

In Fig. 4 we can see that some systems appear to lie close
to the predicted evolutionary track of a M,=0.65 My and hot
donor star. However, there is & tendency for sources to lie above
this track. In two cases, SDSS J1908 and ASASSN-14mv, their
mass transfer rate is several orders of magnitude greater than
the hot donor track. SDSS J1908 lies above the predicted abso-
lute magnitude for its orbital period by ~1 mag (Fig. 3), which
is consistent with a higher mass transfer rate. On the other
hand, ASASSN-14mv has an absolute magnitude consistent with
expectations, which seems to be at odds with the high mass
transfer rate. For the eclipsing system Gaial4aae, we predict a
mass transfer rate of log 10 = —10.48, which is within 3¢ of
the prediction (log 10 = —10.74) based on using the absolute
magnitude of the bright spot (Sect. 7.2). Despite these caveats,
our results show evidence that the mass transfer rate for the
majority of systems is higher than predicted from the mod-
els — and in some cases perhaps by an order of magnitude or
more,

The most obvious reason for this result is that the donor
star is larger — with a correspondingly higher mass transfer
rate — than predicted. Indeed, recent observational work has
shown that the donor star is larger than expected from white
dwarfs models and in some cases larger than helium star models
(Green et al. 2018a). Moreover, a detailed study of the eclipsing
system Galal4aae (Green el al. 2018c) were able to determine
systern parameters (M. M3, R, Ry) to high accuracy. This sug-
gests that this system is likely to have originated via the hydro-
gen CV evolutionary track. However, no hydrogen is observed in
its spectrum as would be expected. These results taken with our
findings should provide an impetus to revisiting the formation
models.

Number of Systems
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Space Density {10-* pe-3}
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Fig. 5. Top panel: observed and predicted cumulative distribution of
AM CVn stars as a function of distance. Predicted distributions are
shown for Galactic disc models with three different exponential verti-
cal scale heights: 100 pe (green), 300 pe (red} and 500 pe (blue). Given
that AM CVn stars are thought to be preferentially old systems, the two
larger sczle heights are likely to be more appropriate for this population.
All models bave been normatised to the data at 100 pe. The clear dis-
crepancy between models and data — which increases with distance —
points to serious incompleteness in the observational sample. Bottom
panel: space density (and Lo error bands) as a function of distance, as
estimated from the number of AM CVn stars and the effective volume
contained within this distance, Effective volumes have been calculated
for the same three Galactic disc models as shown in the top panel, thus
providing three different space density estimates.

9. Space density of AM CVn stars

The AM CVn stars are at the very shortest period end of the
binary star orbital period distribution and their space density is a
sensitive test for binary evolutionary models. Together with the
non-interacting double white dwarf binary, their number largely
sets the astrophysical background for gravitational wave detec-
tors such as LISA. Nelemans et al. (2001a) found that the space
density of AM CVn slars was very uncertain and subject to
uncertainties due to selection effects but determined a range of
0.4-1.7x107* pc (limits being termed “pessimistic™ and “opti-
mistic™ respectively).

With the advent of the large scale Sloan Digital Sky Sur-
vey (SDSS) it was possible to obtain optical spectra of stars
which had colours consistent with the known AM CVn stars and
therefore identify new systems in a systematic manner. Based
on $DSS data {(Roelofs et al. 2007a) found a space density of
1 =3 x 1078 pc™® — more than an order of magnitude lower than
the pessimistic model of Nelemans et al. (2001b). Using a sig-
nificantly expanded SDSS sample, Carter et al. (2013a) derived
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Table 6. Results of searching for physically nearby stars to AM CVn stars..

Gaia RA Dec P pmra pmdec G g-r Separation
SourcelD 12000 J2000  (mas} (masyr™!) (masyr!) (mag) (pe)

KL Dra 223947 1475135041664 291.159333 59.696233 1.04(15) ~2.46(30) —1827(26) 1905 1.21
2239448930851818112 290.953649 39.610338 1.11(33) —2.8%75) —1837(80) 1944 1.14 35x056

SDSST1525+3600 [375131155313563136 231.289887 36.015117 1.93(28)  4.79(81) -16.87(81) 19665 0.60
1375135415921155968 231.150531 36.107433 1.63(60) 5.25(129) -16.410(129) 20226 1.13 1403
1375131155313567232 231.288185 36.023225 2.28(15) 5.24(28) —14.492(28) 18293 1.20 0.06+0.01

Notes, The candidate companion stars were selected by searching for stars within 3¢ of the parallax 1o the AM CVn star and also 3¢ of the proper

motions in RA and Dec. In the final column we give the physical separation between the star and the AM CVn star.

an observed space density of 5 + 3 x 1077 pc™?, a value which
is even lower than that of Roeelofs et al. (20072), and is currently
the most reliable estimate.

Perhaps the greatest source of uncertainty in predicting the
space density lies in the relative importance of the formation
channels. As we summarise in Sect. I, there are three predicted
channels — detached double white dwarfs that start mass transfer
at very short orbital periods; systems in which a non-degenerate
core helium buming star slarts mass transfer and binaries in
which a white dwarf is accreting from a semi-degenerate star
(the hydrogen CV channel). The very low observed space den-
sity is compatible with only the double white dwarf contribution
te the formation. So either there are many fewer systems coming
from the helium star channel (and the CV chanrel) or we do not
sufficiently understand which detached binaries turn into stable
mass-transfer systems.

The main challenge in obtaining a space density estimate
from the full sample of known AM CVn stars shown in Table |
is that it contains systerns discovered by a variety of different
methods and surveys. For example, variability, the presence ol
emission lines and unusual colours have all been used to detect
AM CVn stars. As aresult, the sample in Table | is neither flux-
nor velume-limited, but is instead affected by complex and often
poorly understood selection effects. Determining completeness
corrections for the entire sample with confidence is therefore
impossible.

Nevertheless, the Gaig DR2Z distances for the known
AM CVn stars do contain crucial information. First, we can
test if the sample is complete out to some limiting distance.
If so, then a space density estimate can be derived immedi-
ately from this volume-limited subsample. Second, cven if com-
pleteness cannot be established out to any distance, the sample
can at least be used to set a firm lower limit on the space
density.

Figure 5 shows the results of implementing these ideas. The
top panel shows the cumulative distribution of AM CVn stars
as a function of distance, compared to the expected distribu-
tions for stellar populations associated with the Galactic disc. It
is immediately obvious that completensss cannot be established
with confidence out to any distance. Based on this data set alone,
it is quite possible that there is a significant population of undis-
covered AM CVn stars, with systems waiting to be discovered
even within = 100 pc.

The bottom panel of Fig. 5 shows the space densily one
would estimate from the number of AM CVn stars ag a
function of distance, d. This is given by N/Vg(d), where N is
the number of systems found at distances smailer than 4 and
Veg is the effective volume contained within 4 in a given Galac-
tic model. Since our sample is likely to be incomplete every-
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where, these estimates must be treated as lower limits. The lower
limit suggested by our highest space density estimate would be
po > 3 X 1077 pc3. However, allowing for the Poisson errors
affecting our small sample, our best 2¢- limit is substantially
weaker, pg > 7 % 1078 pc=>.

10. Searching for companion stars to the AMCVn
stars

We performed a search to identify companions to those AM CVn
stars which have a Gaja DR2 parallax determined to better than
20 percent. For each AM CVn star, we obtained the Gaia DR2
data for all sources within 20", and then searched for stars which
had a parallax and proper motion in RA and DEC within 3o
Two AM CVn stars, KL Dra and SDSS J1525+3600, had nearby
stars which fulfilled these criteria: their positions and properties
are shown in Table 6.

We determined the physical separation between the candi-
date companion stars and show these in the final column of
Table 6. The candidate companion star to KL Dra is 12.4° dis-
tant (=3.5 pc), whilst for SDSS5TE525+3600 they are 8.4° and
6.1 (=1.4pc and 0.06 pc or 1.25 x 10° AU). The more dis-
tant candidate companions are too distant to have any effect on
the dynamics of the AM CVn binary, although they may have
besn much closer in the distant past. However, the candidate
companion to SDSSJ1525+3600 is only 6.1”7 distant provid-
ing powerful impetus to obtain a radial velocity measurement to
determine whether it is physically associated with the AM CVn
binary. If they do show similar velocities then they will be
interesting from a binary formartion and evolutionary poiat of
view.

11. Conclusions

For the first time we have reliable distances to more than a few
AM CVn stars. Using these distances we determine the expected
cumulative distribution of AM CVn stars and compare it with
the distribution of a Galactic disc population. We find that there
is likely to be a significant number of AM CVn stars awaiting
to be discovered. Since we find that the location of AM CVn
stars are in a distinctive region of the HR diagram (Fig. 2) the
Gaia DR2 dataset will be a useful tool for identifying candidate
systerns based on their colour and absclute magnitude.

One of the great uncertainties in predicting the space density
of AM CVn stars has been in determining the relative impor-
tance of the three formation channels. There is now mounting
evidence that the majority donor stars in AM CVn stars are not
fully degenerate. We were able to determine the mass transfer
rate in 15 AM CVn stars and find that most have rates which are
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greater than predicted by standard tracks. The donors appear to
be larger than expected,

We also find that none of the AM CVn stars which have
proper motion and parallax data are likely to be halo objects.
Those objects which have very low heavy element abundances
are therefore not likely to be due to their age. Coupled with
the findings that the paramelers of the eclipsing AM CVn star,
Gaial4aae, does not readily fit with the models should serve as
impetus to revisit these models and the nature of the denor star
in particular,
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Appendix A: Photometry of AM CVn stars: online
table

We provide an online table in fits format' which includes data
on all of the known AM CWVn stars. The columns and caveats are
described below.

A.1. Target names and coordinates

In the main body of the paper (e.g. Table 1), we use IAU Varizble
Star names or shortened survey IDs for each of the targets. The
online table includes these IDs (Col. 1), as well as alternative
names by which each target is known (Col. 2).

We give the J2015.5 coordinates from Gaia where avail-
able (Cols. 5, 6), as well as ICRS J2000.0 coordinates for all
sources (Cols. 3, 4). The J2000.0 coordinates were derived from
the Gaia 5-parameter astrometry where available, otherwise the
table shows the most precise coordinates available for that target.
We also computed the IAU 1958 Galactic latitude and longitude
for each target. These are given in Cols. 7 and 8.

The Gaia DR2 scurce 1D is shown in Col. 9.

A.2. Orbital period and brightness range

Columns 10 and 11 show the period of the binary in days and
minutes respectively, with a flag/fcomment in Col. 12 to indi-
cate whether the period is the orbital period (“orb™, most reliably
measured from time series spectroscopy), the superhump pericd
(“sh”, resulting from disc precession during the outburst and typ-
ically a few per cent longer than the orbital period), estimated
from the cutburst recurrence time (“est rec”, Levitan et al. 2015)
or whether no period has been measured for the system so far
(“unknown”). References for the discovery and the peried mea-
surements are indexed in Col. 15, corresponding to the following
references:
[1] Ramsay et al. 2002a, [2] Ramsay et al. 2002b, (3] Espaillat et al.
20035, [4] Nelemans et al. 200 b, [5] Fontaine 2011, [6] Kupfer et al.
2015, [7] O’Donoghuectal. 1994, [8] Levitanetal. 2014, [9]
Wevers et al. 2016, [10] Kuato etal. 2015, [11] Wood et al. 1987, [12]
Wood etal. 2002, [13] Karto et al. 2004, [14] Levitanetal. 2015,
[15] Levitanetal. 2011, [16] ASASSN http://www.astronomy.
ohio-state.edu/~assassin/transients.html, [17] AAVSO
https://www.aavso.org, [l18] Copperwheatetal. 2011, [L9]
Abbotl et al. 1992, [20] Levitan 21 al, 2013, [21] Thorslensen & Skinner
2012, [22] Mowscaledi 2015, [23] Wood-Vasey etal. 2003, [24a)
Carter et al. 2014a, [24b] Carter et al. 2014b, {25] Woudt et al. 20035,
[26] Shearsetal. 2012, [27] Roelofs etal. 2003, [28] Roelefs et al.
2009, [29] Andersonetal. 2005, [30] Ramsayetal. 2012, [31]
Rau et al. 2010, [32] Nather etal. 1981, [33] Prieto et al. 2014, [34)
Woudtetal. 2013, [35] Kato etal. 2014, [36] Campbell etal. 2015,
[37] Marshetal. 2017, [38] Anderson etal. 2008, [39] Kupferetal.
2013, [40] Kepler et al. 2015, [413 Wagner et al. 2014, [42] Ruiz et al,
2001, [43] Greenetal. 2018c, [44] Kato, vsnet-alert [8124, [45]
Aungwergjwit et al. (in prep.), [46] Breedt et al. (in prep.). [47] Kopfer
et al. (in prep.), [48] Machara & Kujima, vsnel-alert 22174, [49]
Green et al. 2018b, [50] Kong et al, 2018.

The Y/N flag in Col. 13 indicates whether the system has
been observed in outburst, and the magnitude range (with filter
information) is given in Col. [4.

! Available at the CDS and at https://www.ast.cam.ac.uk/

~ebreedt/web/AMCVn_datatable_Ramsay_etal 2018.fits

A.3. Parallax, reddening and derived quantities

The calculation of the following quantities were discussed in
detail in the main text:

Columns 16—17: parallax and error (mas), taken from Gaig
DR2.

Columns 18-19: distance and error (pc) — calculated from an
exponentially decreasing space density prior with L = 400 pc.
See Sect. 3.

Columns 20-21: extinction and reddening parameters E(B — V)
and A, towards each system (mag), derived from the Pan-
STARRS] distance reddening maps (Green et al. 20184) as dis-
cussed in Sect. 3. ASASSN-14cc, ASASSN-14ei, NSV1440 and
Gaial6all have parallax measurements from Gaia, but are not in
the Pan-STARRS] footprint. For these four stars we show the
maximum reddening from Schlafly & Finkbeiner (2011). A note
has been added in Col. 66 of the table.

Column 22: g band quiescent magnitude taken from Pan-
STARRS, used to calculaled the absolute magnitude.

Columns 23-24: absolute magnitude M, and its associated error
(mag).

A.4. GALEX

Although Swift and XMM-Newton has been used to observe
some AM CVn stars, GALEX provided the opportunity to take
an unbiased snapshot survey of their near UV flux. GALEX was
launched in April 2003 and had a lifetime of ten years and per-
formed observations at UV wavelengths (Martin 2005). It had
a primary mirror 50 cm in diameter and had a feld of view of
1.25°. Tt had two UV channels, the Near UV (NUV, central wave-
length 2271 A) and the Far UV (FUV, 1528 A), the latter fail-
ing after 6 years. Whilst it could perform relatively short pointed
observations, it also carried cut 2 wide field survey and by its end
it had sampled 3/4 of the sky in one UV band (Bianchi 2014). 41
of the known AM CVn stars are included in the catalogue of
Bianchi (2014). We show the FUV and NUV fluxes in units of
mJy in Cols. 25-26 (FUV) and Cols. 27-28 (NUV) of the online
table.

A.5. SDSS

The Sloan Digital Sky Survey (SDSS) uses a 2.5m telescope
at Apache Point Observatory in New Mexico, and has a field
of view three degrees across (York 2000). Its Data Release 7
includes a photometric catalogue of northem-hemisphere targets
(Abazajian et al. 2009).

We performed a cross-match of known AM CVn J2000.0
positions with all SDSS photometric objects, using 2 search
radius of 2arcsec. We identified 34 AM CVus which have
SDSS photometry. All but two of these magnitudes are con-
sistent with the faint end of the range shown in Table 1.
The two outliers are SDSS JOB04+1616, which is brighter
by approximately 0.7 mag (perhaps consistent with the large-
scale varability this system shows even in quiescence;
Roelofs et al. 2009) and PU Aqr=5DSS J2047+0008, which is
brighter by approximately 1.8 mag and may have been in out-
burst or in decline from outburst when the SDSS data were
collected.

The SDDS8 ugriz magnitudes and their errors are shown in
columns 29-38 of the online table.
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Table A.L PanSTARRS | measurements of these three AM CVn stars appears to have been taken in different accretion states in the different bands,

Source g r i z y

CR Boo 16.630(42)  14.406(130)  14.965(92)  15.154(142)  15.494(56)
range 16611678  14.12..16.74 14.56..15.65 1447.17.07 1527.17.41

SDSSJ0804-1616  18.222(61)  18.432(44)  18.556(26)  18.639(33) 18.493(29)
range 18.09..18.60 18.21..18.60 18.50..18.77 18.50..18.86 18.25..18.92

CRTS J0744+43254  21.3453(275)  18.884(21)  21.397(55)  17.803(23) 18.298(16)
range 21.32.21.87 18.81..18.91 21.30.2150 17.81.17.89 18.29.18.32

Notes. In addition to the magnitudes shown in the online table (and repeated here for clarity), we also show the range in magnitude for the

detections in each filter.

A.6. Pan-STARRS1

Pan-STARRS! is a 1.8m telescope with a field of view of seven
square degrees, located on Halakala Observatory in Hawaii. There
are five broad-band filters which are close to, but not exactly,
the SDSS filters grizy (Chambers etal. 2016; Tonry 2012). It is
performing an all-sky survey with declinations > — 30°.

We performed a cross-match with Pan-STARRS 1 DRI using
a2 arcsec match radius to account for uncertainty in the recorded
positions of the AM CVn stats. The mean AB PSF grizy mag-
nitudes are shown in columns 39-48 of the online table for all
systems which were found to have a match.

For those AM CVn stars which do not show cutbursts the
mean ¢ mag is consistent with the values shown in Table [.
For those systems which do show outburst, Pan-STARRS] has a
mean magnitude which is consistent with the scurce being in
quiescent apart from three systems: CR Boo where g is more
consistent with it being in quiescent and the other filters in
outburst; SDSS JO804+ 161 6 has range in magnitude in Table |
between 17.8-19.0 and the mean Pan-STARRS 1 mag appears in
the middle of this range and CRTS J0744+3254 which has a Pan-
STARRS! g mag much fainter than r. The Pan-STARRS| DR1
gives a mean magnitude of the source over the poinlings cov-
ered. However, it also gives a range in magnitudes for the differ-
ent filters. For the three sources which show evidence for being
in different accretion states, we show in Table A.l the range in
these filters’ measurements.

Al4l, page [4of 17

A.7. Skymapper

Skymapper is a telescope with a 1.35m primary mirror located
Siding Spring Observatory, Australia, and has a camera which
covers 2.4 x 2.3 degrees of the sky (Scalze 2017). Its primary
goal is to obtain a map of the southern sky in a number of fil-
ters, with periods of poor conditions being focussed on detecting
transients. There are six filters, with the bluest i, v, being nar-
row band filters (FWHM = 42 and 28 nm respectively) which
cover the SDSS # band. The filters griz differ compared to their
SDSS equivalents by 40nm in effective wavelength and width
(Bessell et al. 201 1).

We performed a 2 arcsec radius cross-match with the
Skymapper DR 1 release and find that six AM CVn stars have
at least vne detection in one filter. We show the magnitudes in
the uvgrzi filters on the AB mag scale in columns 49-60 of the -
online table.

A.8. Kinematics

Columns 61-64 list the proper motions in RA and Dec
(mas) from Gaig DRZ. The population membership (thick/thin
disc of the Galaxy), as computed in Sect. 4, is shown in
Col. 65. For convenience, these data are also shown in
Table B.1.

The final column in the online table, 66, is a text field for
specific notes about the data for that target.
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Appendix B: SEDs and kinematic data
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Fig. B.1. Spectral énergy distribution of AM CVn stars which have a parallax accurate to within 20 percent and have multi-colour survey data in
more than two filter passbands. In the solid line we show the model spectral energy distribution where M, Ep_y and distance are restricted to the

values shown in each panel and the mass transfer rate, M, is a free parameter.
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Fig. B.1. continued.
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G. Ramsay et al.: AM CVn stars from Gaia DR2

Table B.1. Kinematic information for the AM CVn stars with measured proper motions in Gaia DR2.

Source pmra pmdec  Population
(mas yr~1) (mas yr!)

V407 Vul -2315+0386 3726 +0.719 Thin

ES Cet 17.486 £0.196  -3.075 £ 0.157 Thick
SDSS F1351-0643 5503 +£0586 —17.328 £0.465 Thick
AM CVn 30935 £0073 12420 £0.053  Thick
SDSS J1908+3940 —7.019+0.087 -5332+0.093 Thin

HP Lib ~28.776 £0.099 -12.636 = 0.074 Thin
PTF1J1919+4815 ©5.548 + 0.535 5850+ 0.830  Thin/thick
CX361 2393 %0344 —-2.001+0.288 Thin
ASASSN-l4cc —14.857 £ 0.115 ~37.8300+0.111 Thick

KL Dra —2463+0.296 -18.269 £0.262 Thick
PTF1 JO719+4858 4276 £ 0.297 2.345+0.166 Thin

YZ LMi -30.506 £0.841  —4.072 £ 1.084 Thin

CP Eri 18.090 £1.445  —-7.174+ 1.550 Thin
SDSS 7104345632 —-0.561 £0.936  -2.997 + 1.099 Thin
CRTS JOS10-2008 3.730 £ 1.050  —8.610+0.923  Thin/thick
CRTS JO105+1503 7.159 + 1.623 8.640 + 0.923  Thin
V406 Hya —1.429+ 1606 -6.190 £ 1.389 Thin
SDSS J1730+5545 4.104 £0.829 -33.861 +0.931 Thick
NSV 1440 7737T+£0255 27446 +0.277 Thin
V538 Vir —-13.989+2482 -3.959+3.140 Thin
SDSS J1240-0159 —-1.852+1248  -3.006 = 0.646 Thin
V744 And -2.69] +0.827 6.332 = 1.797 Thick
SDSS 1172142733 2.815£0923 -2.025+1.102 Thin
ASASSN-14mv —17.270 £ 0.266 -43.836 +0.205 Thin
ASASSN-14ei —10.263 £ 0.074 -15.3%80 + 0.098 Thin
SDSS J1525+3600 47787 +0.518 -16.876 = 0.810 Thin
SDSS J0304+1616 1,365+£0382 -5972+021% Thin
SDSS J1411+4812 —17.297 £ 0.43] 30.323 £ 0.444 Thick

GP Com —344.791 £ 1.131 34743 £ 0.082  Thin/thick
SDSS J0902+3819  —15.799 +1.170  —13.360+ 1.058 Thin
Gaialdaae —-3.927 20317 -14.099+0.269 Thin
SDSS J1208+3550  -112.865+0.651 -56.236 + 0.510 Thick
SDSS J1642+1934 —2.560 + 1.034  —28.606 + 1.082 Thick
SDSS J1552+3201 3.943 £0.947 27253+ 1.174 Thin
SDSS J1137+4054 23.118 £0.383 —56.566 =0.336 Thin
V396 Hya —286.331 +£0.306 -39.209+0.213 Thick
SDSS J1319+5915  —27.885+0498  12.375+0.359 Thin
CRTSJ0844-0128 =5.291 £ 1.621 -4.794 £ 0.549 Thin
SDSS J1505+0659 44487 £ 0.724 25417 £0.686 Thin/thick
Gaia 16all =2.640 + 1.647 5287 +1.465 Thin

Notes. These data are alse included in the onling table.
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