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A B S T R A C T

We  pre s e nt re s ults  fr om the  fir s t two  qua r te r s  o f a  s ur ve y to  s earch for pu ls a t ions  in  

c o m pa c t  s te lla r  obje c ts  w ith  the  Ke ple r s pace craft. T he  s ur ve y s ample  a nd  the  var ious  

me thods  a pplie d  in  its  c o m pila t io n  are  de s cr ibe d, a nd  s pe ctros copic  obs e r va tions  are  

pre s e nte d to  s e para te  the  obje c ts  in to  a cc ura te  classes . F r om  the  Ke ple r  pho to m e t r y  

we c le ar ly  ide n t ify  nine  c o mpa c t  puls a tor s , a nd  a  num be r  o f inte re s t ing  b in a r y  s tars . O f  

the  puls a tor s , one  shows  the  s t rong , r a p id  puls a t io ns  ty pic a l for  a  V3 6 1 Hy a  type  s dB 

va r iable  (s d BV), s even s how long- pe r iod puls a t io ns  c ha r ac te r is tic  o f V1 0 9 3 He r  type  

s dBVs , a nd  one  s hows  low- amplitude  pu ls a t ions  w ith  b o th  s hor t  a nd  long  pe r iods . We  

de r ive  e ffective  te mpe r a tur e s  a nd  s ur face  gr avit ie s  for  a ll the  s ubd w a r f B  s tars  in  the  

s a mple  a nd  de m ons tr a te  t h a t  be low the  b o u nd a r y  re gion whe re  hy b r id  s dB puls a tor s  

are  found, a ll our  ta r ge ts  are  puls a t ing . For  the  s tars  ho t t e r  t h a n  th is  b o u nd a r y  te m 

pe r a tur e  a  low fr a c t ion o f s t r ong puls a tor s  (<1 0  pe r  ce nt) is  c onfirme d. Inte re s t ingly, 

the  s hor t- pe r iod pu ls a to r  a ls o s hows  a  low- amplitude  mo de  in  the  long- pe r iod re gion, 

a nd  s eve ral o f the  V1 0 9 3 He r  puls a tor s  s how low a m p litud e  mode s  in  the  s hor t- pe r iod 

re gion, in d ic a t in g  t h a t  hy b r id  be ha viour  m a y  be  c om m o n in  the s e  s tars , a ls o outs ide  

the  b o und a r y  te m pe r a tur e  r e g ion whe re  hy b r id  puls a tor s  have  h it he r to  be e n found.

K e y  w o r d s :  s ubdwa r fs  -  w hite  dwarfs  -  s urveys  -  s tars : os c illa t ions  -  binar ie s : close

-  Ke ple r
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2 R. H. 0 s te ns e n  et al.

1 IN T R O D U C T IO N

Am o n g  t h e  d iffe r e nt  clas ses  o f p u ls a t in g  s tar s , t h e  va r ious  

s ubclas s e s  o f h o t  s ubdw a r fs  a nd  w h ite  dw a r fs  s how c o m p a 

r a ble  o bs e r va t io na l c ha r a c te r is t ic s , w it h  p u ls a t io n  pe r iods  

t h a t  c a n  be  as  s hor t  as  ~ 1  m in , du e  t o  t h e  c o m pa c t  na tu r e  

o f the s e  obje c ts  (Ae r ts  e t  al. 2010). T he  t e r m  c om pact  p u l 

s ators , us e d in  t h is  series  o f a r t ic le s , re fers  t o  a ll the s e  c o m 

p a c t  o s c illa t ing  s tar s  as  a  g r oup. Howe ve r , in  the  fir s t  h a lf 

o f the  s urve y pha s e  o f t h e  K e p le r M is s io n ,  no  s t r ong ly  p u l 

s a t ing  w h ite  dw ar fs  (W Ds ) we re  fo un d , a n d  for  t h is  re as on 

we  w ill c o nc e n tr a te  p r im a r ily  o n  t he  p u ls a t in g  s u b d w a r f B 

(s dB) s tar s , o f w h ic h  we ha ve  id e nt ifie d  n ine  c le ar  cases.

Mo s t  s dBs  are  e x tr e me  h o r izo n ta l b r a n c h  (E H B ) s tar s , 

w h ic h  ide nt ifie s  t h e m  as  core  he lium - b u r n ing  p o s t - RGB 

s tar s  w it h  a  ma s s  close  t o  t he  h e liu m  fla s h mas s  o f 0.5 M©, 

a n d  hyd r o ge n e nve lope s  to o  t h in  t o  s u s ta in  s he ll b u r n in g . 

In  o r de r  for  t h e m  to  r e ac h th is  c o n fig u r a t io n , a n  e x tr a or 

d in a r y  m e c ha n is m  is  r e qu ir e d  t o  re move  a lm o s t  t he  e nt ir e  

e nve lope  w he n  the y  are  close  t o  the  t ip  o f t he  R G B . T hre e  

d is t in c t  s ce nar ios  in vo lv in g  b in a r y  in te r a c t io ns  ha ve  be e n 

id e n t ifie d  a nd  fo un d  to  be  s uffic ie nt  t o  e s t a blis h  t h e  E H B  

s tar s  as  t he  caus e  o f the  U V - u p tu r n  p h e n o m e n o n  see n in  e l

lip t ic a l ga lax ie s  (see P o ds ia d lo w s k i e t  al. 2008, for  a  re vie w). 

B u t  m a n y  que s t ions  r e m a in , b o t h  w it h  r e s pe ct  t o  t he  c on 

t r ib u t io n s  fr om  t h e  d iffe r e nt  b in a r y  c ha nne ls  a n d  e s pe c ia lly  

r e ga r d ing  t h e  c r e a t io n  o f s ingle  s dB s tar s .

P u ls a t io n s  in  s dB s ta r s  we re  dis cove r e d by  Kilk e nn y  

e t  a l. (1997) a n d  the y  are  now  k no w n  as  s d B V  s tar s  

or  V 3 6 1 H y a  s tar s , a fte r  the  p r o to ty p e  (E C  14026- 2647). 

T he s e  s tar s  are  m u lt ip e r io d ic  pu ls a to r s  w it h  ve ry  s hor t  pe r i

ods , ty p ic a lly  2 - 3 m in , a n d  ha ve  e ffe c tive  t e m pe r a tur e s  be 

tw e e n 28 000 a nd  37 000 K  a n d  s ur fac e  gr a v it ie s  t y p ic a lly  be 

tw e e n log g  [cgs] =  5.5 a n d  6.1 (0 s te n s e n  e t  al. 2010a). Some  

ye ars  a fte r  the  d is cove r y o f s hor t- pe r iod pu ls a t io ns , Gr e e n 

e t  a l. (2003) r e po r te d  pu ls a t io ns  w it h  m u c h  longe r  pe r iods  

(~ 1  h) in  s d B s ta r s  w it h  t e m pe r a tur e s  be low  ^ 3 0  000 K 1. 

T he s e  s tar s  are  o fte n  re fe r re d t o  as  long- pe r iod s dBVs  or  

V1 0 9 3 H e r  s tar s  a fte r  t he  p r o to ty pe . Mor e  re ce ntly, Sc huh  

e t  al. (2006) fo un d  a  s t a r  o n  t h e  b o u n d a r y  be tw e e n the  

V 3 6 1 H y a  a n d  V1 0 9 3 He r  s ta r s  t h a t  e x h ib it s  s im ulta ne o us  

s hor t-  a nd  long- pe r iod pu ls a t io ns . S uc h  h y b r id  pu ls a to r s  

are  o fte n re fe r re d t o  as  D W L y n  s tar s  a fte r  t he  p r o to ty pe . 

Now , fo ur  s tar s  in  t h is  t e m p e r a tu r e  b o u n d a r y  r e g ion have  

be e n fo un d  w it h  b o t h  type s  o f pu ls a t io ns . In  a d d it io n  to  

D W L y n  the y  are  B a llo o n 090100001 (Or e ir o  e t  a l. 2004, 

2005), V3 9 1 P e g  (0 s te n s e n  e t  al. 2001b; Lu t z  e t  a l. 2009), 

a n d  R A T  0455+ 1305 (Ra m s a y  e t  al. 2006; B a r a n  & Fox  

Ma c h a d o  2010). W it h  t h e  e x c e p t ion  o f V3 3 8 Se r , a ll p u l 

s a t ing  s dB s ta r s  re s ide  o n  or  ve r y close  t o  t he  c a non ic a l 

E x t r e m e  H o r izo n ta l B r a n c h  (see 0 s t e n s e n  2009, Ch a r p in e t  

e t  al. 2009 a n d  He be r  2009 for  re ce nt  d e ta ile d  re vie ws  o f as-  

te r os e is mology o f E H B  s tar s  a n d  h o t  s ubdw a r fs  in  ge ne r a l).

Du e  to  t he  re ce nt  dis cove r ie s  o f va r ious  s ubclas s e s  o f 

pu ls a to r s  in  t h e  s dB fa m ily , a  c o m m o n  no m e nc la tu r e  ha s  ye t  

to  e me rge . Kilk e n n y  e t  al. (2010) ha ve  r e ce nt ly  pr opos e d to  

la b e l t h e  d iffe r e nt  t y p e  o f s d B V  s tar s  w it h  s ubs c r ipt s , so t h a t

1 N o t e  t h a t  t h is  l im it  is  b a s e d  o n  t e m p e r a t u r e s  t h a t  w e r e  d e r iv e d

b y  f it s  t o  m e t a l- fr e e  N L T E  m o d e ls .  M e t a l  b la n k e t e d  L T E  m o d e ls

s u c h  a s  t h o s e  u s e d  h e r e  t y p ic a lly  p r o d u c e  e ffe c t iv e  t e m p e r a t u r e s

t h a t  a r e  c o o le r  b y  5 — 10 p e r  c e n t .

s hor t- pe r iod pu ls a to r s  are  la be le d  s d B V r a n d  long- pe r iod 

pu ls a to r s  s d B V s (for  rap id  a n d  s low ) a n d  puls a to r s  w it h  h y 

b r id  be h a v io u r  as  s d B V rs. Howe ve r , as  we w ill le a r n fr om  

th e  d a t a  pre s e nte d he re , it  m a y  be  to o  e a r ly  ye t  t o  s e t t le  

t h is  is s ue , s ince  m a n y  mo r e  s tar s  t h a n  or ig in a lly  a n t ic ip a t e d  

a ppe a r  t o  s how  h y b r id  b e h a v io u r  a t  low a m p litud e s . T h is  

m e a ns  t h a t  we  ha ve  t o  face  t h e  po s s ib ilit y  t h a t  a ll s d BVs  

are  h y b r id s  a t  s ome  leve l. For  t h is  r e a s on we  w ill s t ic k to  

us ing  the  va r ia ble  s t a r  clas ses  as  de s igna tor s  for  t he  d o m 

in a n t  p u ls a t io n a l be h a v io u r , a nd  re se rve  t h e  D W L y n  ty pe  

de s ig na t io n  for  s ta r s  t h a t  s how c le ar  a n d  u n a m b ig u o u s  p u l 

s a t ions  a t  b o t h  s hor t  a n d  lo ng  pe r iods , w h ile  we  re fe r  to  

s tar s  t h a t  are  p r e d o m in a n t ly  V 3 6 1 H y a  (or  V1 0 9 3 He r ) s tar s  

b u t  w it h  low le ve l p u ls a t io ns  o f t h e  o t he r  t y pe  as  be in g  of 

t h e  p r e d o m in a n t  t y pe  w it h  h y b r id  be h a v io ur .

No n- a d ia ba t ic  p u ls a t io n  c a lc u la t io ns  s how  t h a t  t he  

V 3 6 1 H y a  s ta r s  e x h ib it  low  n ,  low £ pre s s ur e  mode s  e x 

c ite d  by  t h e  n  m e c h a n is m  du e  t o  a  Z- b u m p  in  t he  e nve lope  

(C h a r p in e t  e t  a l. 1997), a nd  th e  V1 0 9 3 H e r  s tar s  c a n  be  u n 

d e r s to od  in  te r m s  o f g r a v ity  mode s  o f h ig h  n  e xc ite d  by  the  

s a me  n  m e c ha n is m  (F o n ta in e  e t  a l. 2003). T he  p u ls a t io ns  are  

fa c ilit a t e d  by  r a d ia t iv e  le v it a t io n , w h ic h  e ns ure s  t h a t  s uffi

c ie nt  ir on- gr oup e le me nts  are  pre s e nt  t o  caus e  a  Z- b um p in  

t h e  d r iv in g  re gion.

O u r  va r ious  s urve ys  ha ve  fo un d  t h a t  o n ly  one  in  t e n  

s dBs  in  t h e  h o t  e n d  o f t he  in s t a b ilit y  r e g ion  puls a te s  w it h  

s hor t- pe r iod os c illa t io ns  (0 s te ns e n e t  a l. 2 0 1 0 a ), w h ile  long-  

p e r io d  p u ls a t io ns  a ppe a r  in  a t  le as t  75 pe r  c e nt  o f a ll s tar s  

in  the  c oo l e n d  o f t h e  in s t a b ilit y  r e g ion (Gr e e n  e t  al. 2003), 

as  d e te r m in e d  fr om  gr ound- ba s e d obs e rva t ions . T he  a m p li

t ud e s  for  t h e  V1 0 9 3 H e r  s tar s  are  so low t h a t  it  ha s  be e n 

s pe c ula te d  t h a t  m o s t  s dB s tar s  c oole r  t h a n  t h e  b o u n d a r y  b e 

tw e e n th e  V 3 6 1 H y a  a nd  th e  V1 0 9 3 H e r  s ta r s  are  puls a to r s , 

b u t  w it h  s uc h low  a m p lit u d e s  t h a t  th e y  are  und e te c ta b le  

w it h o u t  e x t r a o r d ina r y  e ffor ts  fr o m  gr ound- ba s e d obs e r va to 

ries .

It  is  a n  uns o lve d mys te r y  w h y  so fe w o f t h e  h o t  s tar s  os 

c illa t e . Diffus io n  c a lc u la t io ns  ha ve  s ho w n t h a t  s uffic ie nt  ir o n  

t o  e x cite  p u ls a t io ns  b u ild s  u p  in  t he  d r iv in g  r e g ion o f s dB 

s tar s  a fte r  on ly  106 ye ars  (F o n ta in e  e t  a l. 2006), w h ic h  is  ju s t

1 pe r  c e nt  o f the  E H B  life t im e , im p ly in g  t h a t  ~ 9 9  pe r  c e nt  

s h o u ld  puls a te . Mo s t  s hor t- pe r iod s dBVs  t h a t  ha ve  be e n 

m o n it o r e d  r e gu la r ly  ove r  t he  pa s t  de c a de  ha ve  s ho w n p u l 

s a t ions  w it h  s t r o ng ly  va r ia ble  a m p litu d e s  (Kilke n ny  2010). 

Som e  p u ls a t io n  fre que nc ie s  ha ve  e ve n be e n r e po r te d  t o  d is 

a ppe a r  c omple te ly . It  is  the r e for e  pos s ib le  t h a t  m a n y  o f t he  

s tar s  t h a t  ha ve  be e n s ur ve ye d a n d  fo un d  no t  t o  s how va r i

a b ilit y , m a y  in  fa c t  ju s t  be  pa s s ing  t h r o u g h  a n  in t e r m it t e n t , 

q u ie t  pha s e . W it h  t h e  c o n t in uo us  m o n it o r in g  p r o v id e d  by 

Ke ple r, we  w ill be  a ble  t o  q u a n t ify  b o t h  fa s t  a nd  s low p u l 

s a t ions  w it h  m u c h  lowe r  a m p litu d e s  t h a n  c a n  be  r e ac he d 

fr o m  gr ound- ba s e d obs e r va t ions , a nd  de te r m ine  if  p u ls a t io n  

e pis ode s  occur .

T he  K e p le r  s pac e cr a ft  was  la unc h e d  in  Ma r c h  o f 2009, 

w it h  t h e  p r im a r y  a im  to  fin d  E a r t h  s ize d p la n e ts  us ing  t he  

t r a n s it  m e th o d  (Bo r u c k i e t  al. 2010). In  o r de r  t o  ha ve  a 

h ig h  p r o b a b ilit y  o f fin d in g  s uc h  p la ne ts , t he  s pa ce c ra ft  is  de 

s igne d to  c o n t in uo us ly  m o n it o r  t h e  br igh tne s s  o f a  ma s s ive  

n u m b e r  o f s ta r s  w it h  m ic r o m a g n itu d e  pr e c is ion. T he  K e p le r  

F ie ld  o f Vie w  (F o V) cove rs  105 s qua r e  degrees  in  Cy g nus  

a n d  Ly r a  (a b o u t  1 0 - 2 0  degrees  fr om  the  ga la c t ic  p la ne ) us 

in g  42 C C Ds . As  a  b y p r o d u c t , h ig h  q u a lit y  p h o to m e t r ic  d a t a

©  2010 R A S ,  M N R A S  0 0 0 ,  1- 18
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o f p u ls a t in g  s tar s  in  t he  s a me  fie ld  are  o b t a in e d , a n  inc r e d 

ib ly  va lu a b le  in p u t  for  a s te ros e is mology s tudie s  (Gillila n d  

e t  al. 2 0 1 0 a ), a n d  a  u n iq u e  o p p o r t u n it y  for  a s te r os e is mol

ogy s tudie s  o f V1 0 9 3 H e r  s ta r s  in  p a r t ic u la r , s ince  a de qua te  

obs e r va t ions  are  ne a r ly  im po s s ib le  t o  o b t a in  fr om  th e  gr o und  

(Ra n d a ll e t  a l. 2006).

T he  fir s t  fo ur  qua r te r s  o f t h e  K e p le r M is s io n  we re  d e d 

ic a te d  t o  a  s urve y phas e , for  t h e  a s te ros e is mology s ubs e t  

o f ta r ge ts . A  s u b s t a n t ia l n u m b e r  o f ta r g e t  buffe r s  for  short-  

c ade nc e  obs e r va t ions  ha ve  be e n m a d e  a va ila ble  t o  t he  K e p le r  

A  s te ros e is m ic  S c ie nc e  Co n s o rt iu m  ( k a s c ) d u r in g  th is  s u r 

ve y pha s e . Aft e r  t he  s urve y phas e , K A S C  obs e r va t ions  w ill 

o n ly  be  pos s ib le  o n  s pe cific  ta r ge t s  s e le c te d fr om  the  s ur 

ve y s a mple . T he  p r im a r y  goa l o f t h e  s urve y  pha s e  is  the r e 

fore  t o  id e n t ify  t he  m o s t  in te r e s t ing  pu ls a to r s  in  t he  s a mple . 

T he s e  ob je c t s  c a n  t h e n  be  fo llowe d t h r o u g h o u t  t he  r e m a in 

in g  ye ars  o f t he  mis s ion , w it h  goals  in c lud in g : i) De te c t in g  

low  a m p lit u d e  ( < 1 0 0  p p m ) a nd  h ig h  de gre e  ( I >  2 ) mode s , 

n o r m a lly  no t  vis ib le  fr om  th e  gr ound ; ii) Me a s ur ing  s te lla r  

g lo ba l pa r a m e te r s  w it h  unp r e c e d e nte d  a cc ur a c y  (mas s , r o ta 

t io n , e nve lope  thic kne s s , a nd  s ur fac e  gr a v ity );  iii) Im p r o v in g  

t h e  phys ic a l u n d e r s ta n d in g  o f the s e  s tar s  (d iffe r e nt ia l r o ta 

t io n , core  C / O  r a t io , n e u t r in o  c ooling  a n d  c r y s ta llis a t io n  in  

t h e  W D s );  iv ) S t u d y in g  a m p lit u d e  va r ia b ility  a nd  non- line a r  

e ffects ; v) V ia  t h e  O- C  d ia g r a m , me as ur e  t h e  r a te  o f pe r iod  

c ha nge , d e te r m in e  t h e  e vo lu t io n a r y  s t a tus  o f t h e  s ta r , a nd  

s e arch for  low- mas s  c o m p a n io ns  (b r o w n dw ar fs  or  p la ne ts , 

S ilv o t t i e t  a l. 2007) w it h  mas s e s  d o w n  to  ~ 0 .1 M j.

T h is  pa pe r  is  t he  fir s t  in  a  series  o n  c o m pa c t  pu ls a to r s  in  

th e  K e p le r  fie ld , a n d  de s cr ibe s  t h e  m e th o d s  w it h  w h ic h  t he  

c a nd id a te s  we re  s e lecte d, a n d  pr ovide s  c la s s ific a t ions  a nd  

nois e  lim it s  o n  th e  ta r ge t s  in  the  fir s t  h a lf o f t h e  s urve y s a m 

ple . T he  fir s t  a na lys is  o f a  V36 1 H y a  s t a r  in  t h e  K e p le r  fie ld 

are  pr e s e nte d by  Ka w a le r  e t  a l. (2010a, P a p e r  I i ) ,  t h e  fir s t  

r e s ults  o n  V1 0 9 3 H e r  a nd  D W L y n  puls a to r s  are  pre s e nte d 

by  Re e d  e t  a l. (2010, P a p e r  I I I ) ,  a n d  a  d e ta ile d  a s te ros e is mic 

a na lys is  o f K e p le r  d a t a  o n  one  o f the s e  D W L y n  puls a to r s  

are  g ive n by  Va n  Gr o o te l e t  a l. (2010, P a p e r  iv ) .  Re s u lt s  on  

tw o V1 0 9 3 H e r  pu ls a to r s  in  s d B + d M  r e fle c t ion bin a r ie s  are  

dis cus s e d in  Ka w a le r  e t  a l. (2010b, P a p e r  v ).

2 S U R V E Y  S A M P L E  S E L E C T IO N

For  t h e  s urve y pha s e  o f t he  K e p le r  M is s io n , thr e e  g r oups  

s u b m it t e d  pr o pos a ls  c o n ta in in g  c a n d id a t e  h o t  s u b d w a r f a nd  

w h ite  d w a r f s tar s . O f  the  s tar s  in c lud e d  in  the s e  p r o po s 

a ls , 142 were  a c c e pte d in to  t h e  lis t  o f K A S C  s urve y s tar s . 

O f  the s e , s ix  we re  obs e rve d d u r in g  t h e  9.7- day c o m m is s io n 

in g  r u n , a n d  57 we re  obs e rve d d u r in g  t h e  fir s t  fo ur  (o u t  o f 

t e n ) s urve y m o n th s . A ll 63 s tar s  are  lis t e d  in  T a ble  1 , whe r e  

we  als o give  a  na m e  for  e ac h t a r ge t  fr om  t h e  lite r a tu r e , or  

a n  a b b r e v ia te d  c o o r d ina te  de s ig na t ion . T h e  s urve y m o n t h , 

t a r ge t  c oor dina te s , K e p le r  m a g n itu d e  (K p )2, e s t im a te d  c on 

t a m in a t io n  fa c tor  (- Fcont), o r ig in a l s urve y s a m ple , a nd  our  

fina l c la s s ific a t ion (see Se c t ion 3) are  a ls o lis t e d  in  t he  ta ble . 

No te  t h a t  t h e  la r ge  F o V o f K e p le r  im plie s  t h a t  t h e  r e s o lut io n

2 T h e  K p  m a g n it u d e s  a p p r o x im a t e s  t h e  p a s s b a n d  o f  t h e  K e p le r  

p h o t o m e t e r  a n d  is  c o m p u t e d  f r o m  B  a n d  V  m a g n it u d e s  f r o m  t h e  

T y c h o - 2  c a t a lo g u e .  F o r  b lu e  s t a r s  t h e  fo r m u la  is  K p  =  0 .3 4 4 £> +  

0 .6 5 6 V  -  0 .0 3 2 .

is  o n ly  a r o u n d  4 arcsec pe r  p ix e l (Br y s o n  e t  al. 2010). T y p i

ca lly, for  o u r  fa in t  ta r ge ts , fo ur  t o  t e n  pix e ls  are  s u m m e d  to  

c a p tu r e  a ll t h e  flux , w it h  the  n u m b e r  inc r e a s ing  for  ta r ge ts  

lo c a t e d  to w a r ds  t h e  edges  o f t he  fie ld. C o n t a m in a t io n  fr om  

ne a r b y  s tar s  c a n  be  severe , as  in d ic a t e d  by  th e  s om e time s  

la r ge  F cont va lue s  in  T a ble  1. Sur ve y  m o n th s  for  the  Kepler-  

M is s io n  are  re fe r re d t o  in  t he  fo llow ing  way; Q0  re fers  to  

t h e  c o m m is s io n ing  pe r iod , Q1  re fe rs  t o  the  fir s t  33.5- d s u r 

ve y cycle  (12 Ma y  - 14 Ju n e  2009), Q2  re fers  t o  the  s e cond 

q ua r te r  o f t h e  s urve y pha s e  (90 d a y s ), s u b d iv id e d  in to  thr e e  

m o n t h ly  cycles . A ll ob je c t s  are  re fe r re d t o  by  t he ir  ide n t ifie r  

fr o m  th e  K e p le r In p u t  Catalog  ( k i c ) ,  b u t  we w ill re fe r  to  

m a n y  o f t he  s ta r s  lis t e d  he re  by  t he ir  n a m e  fr o m  the  s urve y 

t h a t  fir s t  id e n t ifie d  t h e m  as  c o m pa c t  s tar s . For  c onve nie nc e , 

b o t h  na m e s  are  lis t e d  in  t h e  ta b le s  in  t h is  pa pe r . For  t he  

s tar s  fr om  th e  S DS S  a nd  Gale x  s urve ys , we  ha ve  us e d a b 

b r e v ia te d  c o o r d ina te  na me s  t h r o u g h o u t  ou r  s pe c tr os c opic  

s urve y, a nd  the s e  are  r e ta ine d  in  t h e  ta b le s  a n d  dis cus s ions  

he re . W h e n  we s t a r t  d is c us s ing  t h e  p h o to m e t r ic  pr o pe r t ie s  

o f the s e  ta r ge ts , we  w ill pre fe r  t he  K IC  ide nt ifie r s , in  or de r  

t o  c on for m  w it h  o the r  works  o n  K e p le r  pho to m e t r y . Note  

t h a t  e ve n if  the  t a b le  is  s or te d  by  K IC  ide nt ifie r s , it  is  easy 

t o  loc a te  a n  o b je c t  by  c o o r d in a te  na m e , s ince  K IC  nu m be r s  

are  a llo c a te d  in  o r de r  o f inc r e a s ing  de c lin a t io n .

T he  diffe r e nt  m e th o d s  us e d to  c o ns t r u c t  t h is  s a m ple  are  

s um m a r is e d  in  t he  fo llow ing  s e ct ions .

2 .1  K n o w n  c o m p a c t  s t a r s  fr o m  t h e  lit e r a t u r e

A  fe w s ubd w a r fs  fr om  e ar lie r  blue - s tar  s urve ys  we re  a lr e a dy  

k n o w n  to  be  lo c a te d  w it h in  t he  K e p le r  Fo V. T he  b r ig h t  

s d B s t a r  B D + 4 2° 3250 (B  =  10.4) was  k n o w n  n o t  t o  p u l 

s a te  fr om  t h e  s tud y  o f 0 s te ns e n e t  a l. (2 0 1 0 a ), b u t  in c lud e d  

in  t h e  s urve y a nyw a y  s ince  it s  br igh tne s s  p e r m it s  by  far  

t h e  highe s t  S / N  r a t io  o f t h e  s ta r s  in  t he  s a m ple , p o t e n 

t ia lly  r e ve a ling  t he  pre s e nce  o f e x tr e me ly  low le ve l p u ls a 

t io ns . K P D  1946+ 4340 a nd  K P D  1943+ 4058 were  r e po r te d  

t o  be  h o t  s u b d w a r f s tar s  in  t he  K it t  Pe ak  Do w ne s  s urve y 

(Dow ne s  1986). K P D  1946+ 4340 was  a ls o k n o w n  to  be  a  b i 

n a r y  s ys te m w it h  a  p e r io d  o f 0.4 d  fr om  the  r a d ia l ve loc ity  

s urve y o f Mor a le s - Rue d a  e t  a l. (2003). It  was  a ls o in c lud e d  

in  t h e  v a r ia b ility  s urve y o f 0 s te ns e n e t  al. (2 0 1 0 a ), b u t  was  

n o t  fo un d  to  va r y  o n  s hor t  time - s cales  a bove  t h e  millima g-  

n it u d e  leve l.

Als o  t h e  Firs t  B y urak an  S urv e y  for  b lue  s te lla r  obje c ts  

(F B S , A b r a h a m ia n  e t  a l. 1990) c o nt a ins  a  fe w fie lds  t h a t  

ove r la p w it h  t h e  K e p le r  Fo V. T hr e e  s ta r s  fr o m  the  F B S  were  

id e n t ifie d  as  like ly  s dB s tar s , b u t  no ne  o f t h e m  ha s  be e n 

s tud ie d  in  d e t a il u p  t o  now. T he  s t a r  K B S  13 was  ide nt ifie d  

in  t h e  fir s t  K e p le r B lue  S t a r  (KB S ) s urve y, a n d  id e n t ifie d  as 

a  r e fle c t ion effect s d B + d M  b in a r y  by  For  e t  a l. (2008).

T w o  w h ite  d w a r f s tar s  in  the  K e p le r  fie ld  were  a ls o 

k n o w n  fr o m  the  lit e r a tu r e . W D  1942+ 499 is  a  D A  w hite  

dw a r f, b u t  w it h  a  t e m p e r a tu r e  o f 33 500 K  (Ma r s h  e t  al. 

1997) it  is  far  to o  h o t  t o  re s ide  in  t h e  ZZ Ce t i in s t a b ilit y  

r e gion. N S V 11917 is  t h e  p la n e ta r y  n e b u la  nuc le us  (P N N ) of 

Ab e ll 61 (Ab e ll 1966), a n d  its  t e m p e r a tu r e  was  e s t im a te d  to  

be  ^ 8 8 0 0 0 K  by  N a p iw o tzk i (1999).
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T a b le  1 . C o m p a c t  p u ls a t o r  c a n d id a t e s  o b s e r v e d  w it h  K e p le r .

4 R. H. 0 s te ns e n  et al.

KIC N a m e R u n R A ( J 2 0 0 0 ) D e c ( J2 0 0 0 ) K p - Pcont S a m p le C la s s

1 8 6 8 6 5 0 K B S  13 Q1 1 9 :2 6 :0 9 .4 + 3 7 :2 0 :0 9 1 3 .4 5 0 .1 5 8 a s d B + d M

2 2 9 7 4 8 8 J1 9 2 0 8 + 3 7 4 1 Q1 1 9 :2 0 :4 9 .9 + 3 7 :4 1 :3 9 1 7 .1 8 0 .8 3 3 c s d O + F / G

2 6 9 2 9 1 5 J 1 9 0 3 3 + 3 7 5 5 Q 2 .3 1 9 :0 3 :2 2 .7 + 3 7 :5 5 :3 0 1 7 .5 4 0 .7 5 8 d D O

2 6 9 7 3 8 8 J1 9 0 9 1 + 3 7 5 6 Q 2 .3 1 9 :0 9 :0 7 .1 + 3 7 :5 6 :1 4 1 5 .3 9 0 .1 4 9 c f s d B V

2 9 9 1 2 7 6 J1 9 2 7 1 + 3 8 1 0 Q 2 .1 1 9 :2 7 :0 9 .1 + 3 8 :1 0 :2 6 1 7 .4 2 0 .9 7 1 c s d B

2 9 9 1 4 0 3 J 1 9 2 7 2 + 3 8 0 8 Q1 1 9 :2 7 :1 5 .9 + 3 8 :0 8 :0 8 1 7 .1 4 0 .6 0 1 c s d B V + d M

3 4 2 7 4 8 2 J1 9 0 5 3 + 3 8 3 1 Q1 1 9 :0 5 :2 2 .5 + 3 8 :3 1 :3 3 1 7 .3 1 0 .8 9 1 c D A

3 5 2 7 6 1 7 J1 9 0 3 4 + 3 8 4 1 Q 2 .2 1 9 :0 3 :2 4 .9 + 3 8 :4 1 :2 4 1 7 .5 4 0 .5 5 4 c H e - s d O B

3 5 2 7 7 5 1 J 1 9 0 3 6 + 3 8 3 6 Q 2 .3 1 9 :0 3 :3 7 .0 + 3 8 :3 6 :1 3 1 4 .8 6 0 .0 8 1 c f s d B V

3 7 2 9 0 2 4 J1 9 0 1 4 + 3 8 5 2 Q 2 .2 1 9 :0 1 :2 5 .8 + 3 8 :5 2 :3 3 1 7 .6 3 0 .6 1 1 c s d B

4 2 4 4 4 2 7 J 1 9 0 3 2 + 3 9 2 3 Q 2 .1 1 9 :0 3 :1 7 .6 + 3 9 :2 3 :1 4 1 7 .3 5 0 .7 8 1 c s d B

4 8 2 9 2 4 1 J1 9 1 9 4 + 3 9 5 8 Q1 1 9 :1 9 :2 7 .7 + 3 9 :5 8 :3 9 1 5 .8 3 0 .4 3 5 e t D A

5 3 4 2 2 1 3 J 1 8 5 6 8 + 4 0 3 2 Q 2 .2 1 8 :5 6 :4 9 .5 + 4 0 :3 2 :5 1 1 7 .6 8 0 .3 6 2 c s d O B

5 7 7 5 1 2 8 2 M 1 9 0 5 + 4 1 0 1 Q 2 .3 1 9 :0 5 :0 1 .0 + 4 1 :0 1 :5 3 1 3 .5 4 0 .0 2 3 b f B

5 8 0 7 6 1 6 K P D  1 9 4 3 + 4 0 5 8 Q 2 .3 1 9 :4 5 :2 5 .5 + 4 1 :0 5 :3 4 1 5 .0 2 0 .3 3 2 a s d B V

5 9 4 2 6 0 5 F B S  1 8 5 8 + 4 1 1 Q 2 .1 1 9 :0 0 :2 7 .8 + 4 1 :1 5 :0 4 1 4 .0 8 0 .0 8 8 a B

6 1 8 8 2 8 6 J1 9 0 2 8 + 4 1 3 4 Q 2 .3 1 9 :0 2 :4 9 .9 + 4 1 :3 4 :5 8 1 4 .2 1 0 .0 2 8 f s d O B

6 6 6 9 8 8 2 J 1 8 5 5 7 + 4 2 0 7 Q 2 .3 1 8 :5 5 :4 6 .0 + 4 2 :0 7 :0 4 1 7 .9 4 0 .4 6 8 d D A

6 8 4 8 5 2 9 B D + 4 2 °  3 2 5 0 Q 0 1 9 :0 7 :4 0 .5 + 4 2 :1 8 :2 2 1 0 .7 3 0 .0 0 3 a * s d B

6 8 6 2 6 5 3 J1 9 2 6 7 + 4 2 1 9 Q 2 .3 1 9 :2 6 :4 6 .0 + 4 2 :1 9 :3 4 1 8 .1 9 d D B

7 3 5 3 4 0 9 2 M 1 9 1 5 + 4 2 5 6 Q 2 .2 1 9 :1 5 :1 8 .9 + 4 2 :5 6 :1 3 1 4 .6 8 0 .0 9 1 b s d O

7 4 3 4 2 5 0 J1 9 1 3 5 + 4 3 0 2 Q 2 .3 1 9 :1 3 :3 5 .6 + 4 3 :0 2 :5 6 1 5 .4 7 0 .2 8 7 d s d B

7 6 6 4 4 6 7 J1 8 5 6 1 + 4 3 1 9 Q 2 .3 1 8 :5 6 :0 7 .1 + 4 3 :1 9 :1 9 1 6 .4 5 0 .8 7 9 f s d B V

7 7 5 5 7 4 1 2 M 1 9 3 1 + 4 3 2 4 Q1 1 9 :3 1 :0 8 .9 + 4 3 :2 4 :5 8 1 3 .7 5 0 .1 1 2 b s d O

7 9 7 5 8 2 4 K P D  1 9 4 6 + 4 3 4 0 Q1 1 9 :4 7 :4 2 .9 + 4 3 :4 7 :3 1 1 4 .6 5 0 .1 0 6 a * s d O B + W D

8 0 2 2 1 1 0 J1 9 1 7 9 + 4 3 5 0 Q 2 .3 1 9 :1 7 :5 8 .7 + 4 3 :5 0 :2 1 1 6 .5 5 0 .3 1 6 f s d B

8 0 7 7 2 8 1 J 1 8 5 0 2 + 4 3 5 8 Q 2 .3 1 8 :5 0 :1 6 .9 + 4 3 :5 8 :2 8 1 6 .5 7 0 .2 9 6 ft B

8 1 4 2 6 2 3 J 1 8 4 2 7 + 4 4 0 4 Q1 1 8 :4 2 :4 2 .4 + 4 4 :0 4 :0 5 1 7 .3 0 0 .3 8 8 d e t s d B

8 4 9 6 1 9 6 J 1 9 2 8 8 + 4 4 3 0 Q 2 .3 1 9 :2 8 :5 1 .1 + 4 4 :3 0 :1 3 1 6 .4 5 0 .8 2 7 f s d O B

8 6 1 9 5 2 6 J1 9 1 9 5 + 4 4 4 5 Q1 1 9 :1 9 :3 0 .5 + 4 4 :4 5 :4 3 1 5 .8 4 0 .2 5 6 ft P N N

8 6 8 2 8 2 2 J1 9 1 7 3 + 4 4 5 2 Q1 1 9 :1 7 :2 0 .6 + 4 4 :5 2 :4 0 1 5 .8 1 0 .4 7 3 e t D A

8 7 5 1 4 9 4 J1 9 2 4 1 + 4 4 5 9 Q 2 .2 1 9 :2 4 :1 0 .8 + 4 4 :5 9 :3 5 1 6 .2 7 0 .5 6 6 e t C V

8 8 8 9 3 1 8 J1 9 3 2 8 + 4 5 1 0 Q 2 .3 1 9 :3 2 :5 0 .6 + 4 5 :1 0 :2 3 1 7 .1 7 0 .6 4 5 d s d B

9 1 3 9 7 7 5 J 1 8 5 7 7 + 4 5 3 2 Q 2 .3 1 8 :5 7 :4 3 .6 + 4 5 :3 2 :1 9 1 7 .9 2 0 .2 7 2 d D A

9 2 0 2 9 9 0 J1 8 5 6 1 + 4 5 3 7 Q 2 .3 1 8 :5 6 :0 8 .0 + 4 5 :3 7 :4 0 1 5 .0 4 0 .1 1 9 d t C V

9 4 0 8 9 6 7 J 1 9 3 5 2 + 4 5 5 5 Q 2 .3 1 9 :3 5 :1 2 .2 + 4 5 :5 5 :4 2 1 7 .2 6 0 .8 0 7 d H e - s d O B

9 4 7 2 1 7 4 2 M 1 9 3 8 + 4 6 0 3 Q 0 1 9 :3 8 :3 2 .6 + 4 6 :0 3 :5 9 1 2 .2 6 0 .0 2 2 b s d B V + d M

9 5 4 3 6 6 0 2 M 1 9 5 1 + 4 6 0 7 Q1 1 9 :5 1 :5 6 .2 + 4 6 :0 7 :5 1 1 3 .7 7 0 .4 5 9 b s d O B

9 5 6 9 4 5 8 J 1 8 4 7 7 + 4 6 1 6 Q1 1 8 :4 7 :4 3 .6 + 4 6 :1 6 :2 6 1 7 .1 8 0 .0 3 1 d s d B

9 5 8 3 1 5 8 N S V  1 1 9 1 7 Q 2 .1 1 9 :1 9 :1 0 .2 + 4 6 :1 4 :5 1 1 7 .3 2 0 .4 6 5 a d P N N

9 8 2 2 1 8 0 J 1 9 1 0 0 + 4 6 4 0 Q 2 .1 1 9 :1 0 :0 0 .3 + 4 6 :4 0 :2 5 1 4 .5 8 0 .2 1 5 d s d O + F / G

9 9 5 7 7 4 1 J 1 9 3 8 0 + 4 6 4 9 Q 2 .1 1 9 :3 8 :0 1 .6 + 4 6 :4 9 :4 5 1 6 .1 0 0 .0 9 9 f H e - s d O B

1 0 1 3 0 9 5 4 2 M 1 9 1 0 + 4 7 0 9 Q 0 1 9 :1 0 :2 3 .7 + 4 7 :0 9 :4 4 1 1 .1 3 0 .0 0 1 b f B

1 0 1 3 9 5 6 4 J 1 9 2 4 9 + 4 7 0 7 Q 2 .1 1 9 :2 4 :5 8 .2 + 4 7 :0 7 :5 4 1 6 .1 3 0 .6 0 8 f s d B V

1 0 2 2 0 2 0 9 2 M 1 9 4 5 + 4 7 1 4 Q 2 .3 1 9 :4 5 :3 3 .2 + 4 7 :1 4 :1 7 1 4 .1 2 0 .0 9 0 b f B

1 0 2 8 5 1 1 4 2 M 1 9 4 4 + 4 7 2 1 Q 0 1 9 :4 4 :0 2 .7 + 4 7 :2 1 :1 7 1 1 .2 3 0 .0 2 8 b f B

1 0 4 2 0 0 2 1 J 1 9 4 9 2 + 4 7 3 4 Q 2 .2 1 9 :4 9 :1 4 .6 + 4 7 :3 4 :4 6 1 6 .2 0 0 .9 0 9 e D A

1 0 4 8 2 8 6 0 J 1 9 4 5 8 + 4 7 3 9 Q 2 .3 1 9 :4 1 :3 4 .2 + 4 9 :0 7 :1 4 1 7 .8 0 0 .6 4 0 d D O

1 0 5 9 3 2 3 9 J1 9 1 6 2 + 4 7 4 9 Q 2 .3 1 9 :1 6 :1 2 .2 + 4 7 :4 9 :1 6 1 5 .2 8 0 .1 2 0 d s d B + F / G

1 0 6 5 8 3 0 2 2 M 1 9 1 5 + 4 7 5 4 Q 2 .1 1 9 :1 5 :0 7 .9 + 4 7 :5 4 :2 0 1 3 .1 2 0 .1 4 8 b f B

1 0 6 6 1 7 7 8 J1 9 2 1 1 + 4 7 5 9 Q 2 .3 1 9 :2 1 :1 1 .1 + 4 7 :5 9 :2 4 1 7 .6 6 0 .4 8 3 d s d B

1 0 6 7 0 1 0 3 J 1 9 3 4 6 + 4 7 5 8 Q 2 .3 1 9 :3 4 :3 9 .9 + 4 7 :5 8 :1 2 1 6 .5 3 0 .4 5 0 f s d B V

1 0 9 8 2 9 0 5 J 1 9 4 0 5 + 4 8 2 7 Q 2 .1 1 9 :4 0 :3 2 .2 + 4 8 :2 7 :2 4 1 4 .1 5 0 .1 5 4 d s d B + F / G

1 1 0 3 2 4 7 0 J 1 9 3 2 7 + 4 8 3 4 Q 2 .2 1 9 :3 2 :4 5 .3 + 4 8 :3 4 :4 7 1 6 .1 3 0 .6 8 0 f F

1 1 1 7 9 6 5 7 J 1 9 0 2 3 + 4 8 5 0 Q 2 .3 1 9 :0 2 :2 1 .9 + 4 8 :5 0 :5 2 1 7 .0 6 0 .1 2 9 d s d B V + d M

1 1 3 5 7 8 5 3 J1 9 4 1 5 + 4 9 0 7 Q 2 .1 1 9 :4 1 :3 4 .3 + 4 9 :0 7 :1 4 1 7 .3 7 0 .6 3 2 d s d O B

1 1 4 5 4 3 0 4 2 M 1 9 2 5 + 4 9 1 8 Q 0 1 9 :2 5 :2 4 .4 + 4 9 :1 8 :5 6 1 2 .9 5 0 .0 0 7 b f B

1 1 5 1 4 6 8 2 J1 9 4 1 2 + 4 9 2 5 Q 2 .3 1 9 :4 1 :1 2 .4 + 4 9 :2 5 :0 6 1 5 .6 9 0 .4 3 6 d D A B

1 1 7 1 7 4 6 4 J 1 9 3 6 9 + 4 9 5 3 Q1 1 9 :3 6 :5 5 .8 + 4 9 :5 3 :1 4 1 5 .7 3 0 .5 2 5 f A

1 1 8 1 7 9 2 9 2 M 1 9 3 5 + 5 0 0 2 Q 0 1 9 :3 5 :3 8 .4 + 5 0 :0 2 :3 5 1 0 .3 8 0 .0 0 2 b f B

1 1 8 2 2 5 3 5 W D  1 9 4 2 + 4 9 9 Q 2 .2 1 9 :4 3 :4 1 .8 + 5 0 :0 5 :0 1 1 4 .8 2 0 .1 5 5 a D A

1 1 9 5 3 2 6 7 2 M 1 9 0 1 + 5 0 2 3 Q 2 .2 1 9 :0 1 :3 5 .2 + 5 0 :2 3 :0 6 1 3 .5 0 0 .0 7 1 b f B

1 2 1 5 6 5 4 9 J1 9 1 9 3 + 5 0 4 4 Q 2 .3 1 9 :1 9 :1 8 .8 + 5 0 :4 4 :0 4 1 5 .8 9 0 .1 0 7 d D A + d M e

N OT ES .— K p  is  t h e  m a g n it u d e  in  t h e  K e p le r  b a n d p a s s ,  -FCOnt is  t h e  c o n t a m in a t io n  fa c t o r  f r o m  t h e  KIC. T h e  s a m p le s  a r e : a :  L it e r a t u r e ,  

b :  2 MASS, c : S D S S ,  d :  Gale x , e : R P M ,  f: KIC c o lo r ,  t  a n d  * m a r k  t a r g e t s  w it h  T N G  a n d  NOT  p h o t o m e t r y  r e s p e c t iv e ly .
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Firs t  Ke p le r  results  on com pact puls ators  5

2 .2  T h e  2MASS s a m p le

A lis t  o f 171 c a nd id a te s  was  o b t a in e d  fr om  the  2MASS  c a t a 

logue  (S k r u ts k ie  e t  a l. 2006) w it h  J  <  15.5, a nd  colors  cove r 

in g  t h e  r a nge  o f h o t  s ubdw a r fs , J  — H  <  0.01, J  — K  <  0.01, 

t h a t  were  w it h in  t h e  F o V o f the  K e p le r  C C D s  a n d  mor e  

t h a n  five  pix e ls  fr om  the  edges . T he y  were  t h e n  obs e rve d 

s pe c tr os c opic a lly  w it h  the  B o k  te lescope  o n  K it t  P e a k. U n 

fo r t una te ly , o f a ll t h e  ta r ge t s  o n ly  tw o  ne w  s dB s ta r s  a n d  two 

ne w  s d O s ta r s  were  fo und . De te c t in g  c o m pa c t  s tar s  fr o m

2MASS  c olour s  ha s  p r o d uc e d  m u c h  h ig he r  success  ra te s  in  

h ig h  ga la c t ic  la t it u d e  s urve ys , b u t  s ince  t h e  K e p le r  fie ld  is 

lo c a t e d  r e la t ive ly  close  t o  t h e  ga la c t ic  p la n e  the  c o n t a m i

n a t io n  o f ma in- s e que nc e  B  s ta r s  is  ve ry h ig h  d o w n  to  t he  

lim it in g  m a g n itu d e  o f the  2 MASS  surve y.

Als o , one  o f t h e  s tar s  c las s ifie d as  s dB in  t h e  F B S  s urve y 

a ppe a r e d  in  t h is  s a mple , b u t  t h e  s pe c tr os c opy  re ve a le d t h a t  

it  was  a c tu a lly  a no the r  m a in  s e que nce  B  s ta r . P r e - la unc h 

gr ound- ba s e d p h o t o m e t r y  of t he  fo ur  h o t  s ubd w a r fs  re ve ale d 

t h a t  one  o f t h e m  (2 M19 3 8+ 4 60 3 ) ha s  a  s t r ong  r e fle c t ion 

e ffect w it h  g r a zing  e clips e s  in d ic a t in g  t h e  pre s e nce  o f a close  

M- dw a r f c o m p a n io n  (0 s te n s e n  e t  al. 2010b).

2 .3  T h e  Galex  s a m p le

In  o r de r  t o  a vo id  t h e  c o n t a m in a t io n  o f h o t  main- s e que nc e  

s tar s , we s e arche d the  a va ila b le  a rc hive s  for  u lt r a v io le t  (U V) 

pho to m e t r y . A  r e lia ble  p h o to m e t r ic  c ha r a c te r is t ic  o f b o t h  

h o t  s ubd w a r fs  a n d  w h ite  dw ar fs  is  t h e  s t r ong  UV- e xce s s  r e l

a t ive  t o  n o r m a l s tar s . T he  U V  p h o t o m e t r y  fr om  the  Gale x  

s a te llite  (M a r t in  e t  a l. 2005) cove rs  lar ge  pa tc he s  o f t he  

n o r th e r n  h a lf o f the  K e p le r  fie ld , a nd  Gue s t  Obs e r ve r  (G O ) 

fie lds  cove r  fu r th e r  pa tc he s  acros s  t he  fie ld. In  t o t a l we  id e n 

t ifie d  27 UV- e xce s s  ta r ge t s  fr o m  th e  Gale x  G R 4  c a ta logue , 

a n d  a fu r th e r  24 fr o m  gue s t  obs e rve r  fie lds  k in d ly  m a de  

a va ila ble  t o  us . As  e x pe cte d , s e le c ting ta r ge t s  ba s e d o n  U V  

p h o t o m e t r y  t u r n e d  o u t  t o  be  e x tr e me ly  succe s s ful. O f  t he  

tw e n ty  s ta r s  in  t he  c ur r e nt  s a m ple  t h a t  we re  s e le c te d fr om  

Gale x  p h o to m e t r y , a ll are  h o t  s ubdw a r fs  or  w h ite  dwar fs .

2 .4  T h e  S D S S / s e g u e  s a m p le

T he  SEGUE e x te ns io n (Ya.nny e t  a l. 2009) o f t he  S lo a n  D ig 

it a l Sky  Sur ve y  (S DS S , S to u g h to n  e t  al. 2002) c o n ta ins  a 

s ingle  s t r ipe  t h a t  crosses  t he  s outh- we s te r n p a r t  o f t he  K e 

p le r  ts x ge t  fie ld. Se a r c hing  the  S lo a n  da ta ba s e  for  UV- exces s  

ta r ge t s  re ve a le d 19 a c c e pta b le  ta r ge t s  b r ig h te r  t h a n  g =  17.5. 

O f  the s e , thr e e  ha ve  s pe c tr os c opy  in  S D S S / s e g u e  id e n t ify 

in g  t h e m  as  h o t  s ubdw a r fs . B u t  s e le c ting o n  th e  ne ar - optic a l 

u  c olor  is  as  e ffe c tive  in  d is t in g u is h in g  c o m p a c t  s tar s  fr o m 

n o r m a l s ta r s  as  us ing  Gale x  fa.r- UV colors ; a ll t e n  s ta r s  se 

le c te d  fr om  the  c ur r e nt  s a m ple  w it h  th is  m e th o d  t u r n e d  o u t  

t o  be  h o t  s ubdw a r fs  or  w h ite  dwar fs .

2 .5  T h e  r e d u c e d  p r o p e r  m o t io n  s a m p le

Nin e te e n  c a nd id a te s  were  s e le c te d us ing  t h e  r e duc e d p r o pe r  

m o t io n  (R P M ) m e th o d , w h ic h  is  a pow e r ful t o o l t o  id e n 

t ify  w h ite  dw ar fs  in  p h o to m e t r ic  s urve ys . R P M  is  de fine d as 

(K p  +  5 log f i +  5), whe r e  /li is  t h e  p r o pe r  m o t io n  in  a.rcsec/ y r  

fr o m  t h e  U S N O  c a ta logue . W h e n  p lo t t e d  a ga ins t  t h e  g — i 

c o lor  fr o m  the  K I C ,  ho t  h ig h  p r o pe r  m o t io n  obje c ts  are  e as ily
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F ig u r e  1 . T h e  r e d u c e d  p r o p e r  m o t io n  d ia g r a m  u s e d  t o  s e le c t  

t a r g e t s  f r o m  t h e  KIC. B lu e ,  r e d ,  g r e e n  a n d  m a g e n t a  s y m b o ls  a r e  

k n o w n  p u ls a t o r s  f r o m  t h e  lit e r a t u r e ,  w h ile  b la c k  p o in t s  m a r k  KIC 

e n t r ie s  (s t a r s :  W D  c a n d id a t e s ,  c r os s e s :  s d B  c a n d id a t e s ,  c ir c le s : 

o t h e r ) .  N o t e  t h a t  w h ile  s in g le  s d B  s t a r s  a r e  e x c e e d in g ly  b lu e ,  

s d B  s t a r s  w it h  F / G / K - s t a r  c o m p a n io n s  o v e r la p  w it h  t h e  g e n e r a l 

p o p u la t io n  o f  b lu e  s t a r s .

is o la te d  (see F ig . 1). Howe ve r , t h e  g  — i c o lour  is  n o t  a  p r e 

cise  t e m p e r a tu r e  in d ic a to r  a n d  the r e for e  it  is  d iffic u lt  t o  say 

w he the r  the s e  ta r ge t s  fa ll ins ide  one  o f the  k n o w n  in s t a b ilit y  

s t r ips . O n  the  o t he r  h a n d , u n k n o w n  in s t a b ilit y  s t r ips  m ig h t  

e x is t  as  s how n by  r e ce nt  dis cove r ie s : t h e  fir s t  (a nd  u p  to  now 

u n iq u e ) s d O p u ls a to r  (W o u d t  e t  a l. 2006) a nd  th e  fir s t  h o t  

D Q  o s c illa t ing  w h ite  d w a r f (Mo n tg o m e r y  e t  al. 2008).

For  h o t  s ubdw a r fs  the  m e th o d  ha s  a lowe r  lik e liho o d  of 

p r o d uc in g  s ucce s s ful r e s ults , s ince  the s e  s ta r s  are  t y p ic a lly  

m u c h  mo r e  d is t a n t  t h a n  w h ite  dwar fs , a n d  th e  U S N O  pr o pe r  

m o t io ns  are  n o t  pre cis e  e no ug h  to  be  us e ful in  m o s t  cases. 

F ive  o f t he  nine te e n  c a nd id a te s  are  in c lu d e d  in  t h e  c ur r e n t  

s urve y s a mple , a nd  ou r  s pe c tr os c opy  ha s  c on fir m e d  t h a t  four  

o f t h e m  are  in de e d w h ite  dwar fs , a nd  th e  r e m a in in g  one  is 

a n  s dB s tar .

2 .6  T a r g e t s  s e le c t e d  o n  K I C  c o lo u r s

T he  K e p le r  In p u t  Ca t a lo g  ( k i c )  c o n ta ins  g  — r  c olour s  t h a t  

c a n  be  us e d to  se le ct b lue  s tar s . Howe ve r , w it h o u t  a  U V  

c olor  it  is  no t  r e a lly  pos s ib le  t o  d is t in g u is h  be tw e e n no r m a l 

B  s ta r s  a n d  h o t  s ubdw a r fs , in  p a r t ic u la r  be c aus e  one  t h ir d  

o f s dBs  are  fo un d  in  b in a r y  s ys te ms  w it h  F - K  c o m pa n io ns , 

a n d  are  the r e for e  r e dde r  t h a n  the y  w o uld  be  as  s ingle  s tar s . 

Howe ve r , s ince  B  s tar s  are  m u c h  mo r e  lu m in o u s  t h a n  s ub 

dw ar fs  a n d  w h ite  dwar fs , be low  a m a g n itu d e  a r o u n d  ~  15, 

t h e  lim it e d  th ic kne s s  o f t h e  ga la c t ic  dis c  e ns ure s  t h a t  a ny  

b lue  s t a r  is  m u c h  mor e  like ly  t o  be  a c o m pa c t  o b je c t  t h a n  a 

ma in- s e que nce  or  r e gula r  h o r izo n ta l b r a n c h  s tar .

T w o  o f t h e  pr o pos a ls  us e d t h is  s t r a te g y  for  t he  b u lk  of 

t he ir  ta r ge ts , a n d  u n fo r tu n a t e ly  o n ly  one  o f thos e  h a d  access
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T a b le  2 . L o g  o f  s p e c t r o s c o p ic  o b s e r v a t io n s .

D a t e T e l- r u n N t P . I.  +  O b s e r v e r (s )

2 0 0 8  J u n e —S e p t e m b e r B o k 15 E M G

2 0 0 8  A u g u s t  16 IN T - 1 2 G R L ,  M V

2 0 0 8  S e p t e m b e r  2 0 - 2 4 N O T - 1 19 R O

2 0 0 9  A p r il  1 1 - 1 2 W H T - 1 3 7 C A ,  R H 0

2 0 0 9  J u n e  5 - 1 0 IN T - 2 2 R O ,  R H 0 ,  T A O

2 0 0 9  J u ly  1 4 - 1 6 W H T - 2 32 C A ,  T A O

2 0 0 9  A u g u s t  14 N O T - 2 2 J H T ,  T L

2 0 0 9  S e p t e m b e r  7 N O T - 3 5 J H T

N o t e . — N t  lis ts  t h e  n u m b e r  o f t a r g e t s  o bs e r ve d d u r in g  t h e  r u n  

t h a t  a c t u a lly  e n te r e d  t h e  K e p le r  c o m p a c t  s t a r  s u r ve y  s a m p le .

to  t h e  r e s ults  o f t h e  2 MASS  surve y. T hus , e ig ht  s tar s  k no w n 

t o  be  n o r m a l B  s tar s  e nte re d  the  c ur r e nt  s a m ple . Howe ve r , o f 

t h e  r e m a in in g  t h ir t e e n  s ta r s  s e le c te d w it h  t h is  m e th o d , t e n  

t u r n e d  o u t  t o  be  c o m pa c t  ob je c t s  fr om  o u r  s pe c tros copy.

3 G RO U N D - B A S E D  O B S E RV A T IO N S

T h r o u g h o u t  t h e  p e r io d  le a d in g  u p  to  t h e  re lease  o f t h e  fir s t  

K e p le r  d a t a  we  u n d e r to o k  p r e lim in a r y  gr ound- ba s e d p h o 

t o m e t r y  a nd  s pe c tr os c opy  o f m o s t  o f t h e  ta r ge t s  in  the  K e 

p le r  s a m ple , in  o r de r  t o  im pr ov e  t he  c la s s ific a t ions  fr o m  the  

in it ia l s urve ys .

3 .1  S p e c t r o s c o p y

We  o b ta in e d  c la s s ific a t ion s pe c tr a  o f a ll t he  ta r ge t s  in  T a 

ble  1  us ing  low  r e s o lu t io n  s pe c tr os c opy  a t  va r ious  te le s cope s , 

as  lis t e d  in  T a ble  2.

T he  obs e r va t ions  a t  the  Is aac  N e w to n  T elescope  (IN T ) 

us e d the  ID S  s pe c tr o g r a p h  w it h  t he  235 m m  c a m e r a  a nd  

t h e  R4 0 0 B g r a t in g , p r o v id in g  a r e s o lu t ion  o f R ~ 1 4 0 0  a nd  

a n  e ffe c tive  w a ve le ngth  cove rage  A =  3 0 2 0 - 6 6 5 0  A . A t  the  

N o rd ic  Op tic al T elescope  ( n o t ) we us e d the  ALF OSC  s pe c 

t r o g r a p h , w it h  g r is m # 6  in  2008, a n d  gr is m # 1 4  in  2009. 

B o t h  give  600 for  t h e  w ide  s lit  we  us e d, a nd  A =  3 3 0 0 -  

6200. O n  th e  W illiam , He rs c he l T elescope  (W H T ) we  us e d 

t h e  IS IS  s p e c tr o g r a p h  w it h  g r a t in g  R3 0 0 B o n  t h e  b lue  a r m  

(R ~  1600, A =  3 1 0 0 - 5 3 0 0  A). Re d  a r m  s pe c tr a  were  als o o b 

t a in e d , b u t  ha ve  no t  be e n us e d for  t h is  work. Obs e r va t ions  

fr o m  the  B o k  te lescope  o n  K it t  P e a k  we re  do ne  w it h  the  B & C  

s p e c tr o g r a p h  us in g  a 4 0 0 / m m  g r a t in g  (_R~ 550, A =  3 6 2 0 -  

6900 A).

A ll d a t a  we re  r e duc e d w it h  the  s t a n d a r d  IR A F  pr oc e 

dur e s  for  long- s lit  s pe c tr a . T he  bia s  leve ls  were  e s t im a te d  

fr o m  the  ove r s c an r e g ion o f e a ch im a g e , a nd  a lar ge  n u m b e r  

o f flat- fie ld image s  we re  ave r age d in  o r de r  t o  c a lib r a te  t he  

pixe l- to- pixe l re s pons e . Ar c  re fe re nce  s pe c tr a  were  t a k e n  fre 

q u e n t ly  d u r in g  t he  obs e r va t ions , a n d  e a ch ta r g e t  s p e c tr um  

was  w a ve le ngth  c a lib r a te d  w it h  t h e  clos e s t a va ila b le  arc. For  

s ome  o f t h e  obs e r va t ion  r u ns  no  r a d ia l ve loc ity  (RV) or  flux  

s t a n d a r d s  we re  o b t a in e d , as  the  pur pos e  o f t h e  obs e r va t ions  

was  t o  p r o d uc e  c la s s ific a t ion s pe c tr a  t h a t  do  n o t  r e quir e  s uc h 

de ta ile d  c a lib r a t io n .

3600 3800 4000 4200 4400 4600 4800 5000 5200 

Wave le ng th  [A]

F ig u r e  2 . S p e c t r a  o f  t w o  c a t a c ly s m ic  v a r ia b le s  a n d  o n e  p la n e t a r y  

n e b u la  n u c le u s  ( b o t t o m ) .

3 .1 .1  S pe c tral c las s if ic at ion

A ll s tar s  we re  c las s ifie d s pe c tr os c opic a lly  t o  d is t in g u is h  t he  

c o m p a c t  p u ls a to r  c a nd id a te s  fr om  c o n t a m in a t in g  obje c ts . 

In  t h e  s a m ple  o f 63 s tar s , o n ly  twe lve  we re  fo un d  to  ha ve  

s pe c tr a  in d ic a t in g  t h a t  t he y  are  ma in- s e que nc e  or  h o r izo n 

t a l b r a n c h  s tar s  (th e  c la s s ific a t ions  are  g ive n in  T a ble  1). 

It  is  w o r th  n o t in g  t h a t  a lm o s t  a ll o f t he  ma in- s e que nce  B 

s tar s  t h a t  c o n t a m in a t e  ou r  s a m ple  are  va r ia ble , a lt h o u g h  

w it h  m u c h  longe r  pe r io ds  t h a n  w o uld  be  e x h ib ite d  by  ou r  

c o m p a c t  obje c ts . Howe ve r , we  w ill n o t  dis cus s  the s e  s tar s  

fu r th e r  in  t h is  pa pe r .

T hr e e  u n u s u a l obje c ts  are  w o r th  p a r t ic u la r  m e n tio n , 

a n d  we s how  the ir  s pe c tr a  in  F ig . 2. T he  s lope s  o f the s e  

s pe c tr a  we re  r e c t ifie d  fr om  t h e  in s t r u m e n ta l r e s pons e  t o  a 

no r m a lis e d  flux  s cale  by  d iv id in g  t h e  s p e c t r um  w it h  a re 

s pons e  fu n c t io n  c o m p u te d  by  c a lib r a t in g  a n  e x t in c t io n  c or 

r e c te d s p e c t r um  o f a s ingle  s dB s t a r  a g a ins t  a flux  m o d e l 

s p e c t r um  for  it s  a tm os phe r ic  pa r a me te r s .

J18 5 61 + 4 5 37  s hows  Ba lm e r  line  cores  a p pa r e n t ly  fille d  

in  by  e mis s ion, a nd  J1 9 241 + 44 59 s hows  Ba lm e r  line s  in  c le ar  

e mis s ion, a n d  we  clas s ify b o t h  ob je c t s  as  c a ta c lys m ic  va r i

a b le  (C V) s ys te ms . T he y  are  b o t h  s t r o ng ly  va r ia ble  in  the  

K e p le r  p h o to m e t r y , a n d  we  give  a b r ie f de s c r ip t io n  o f the s e  

ob je c t s  in  Se c t ion 4.7.

J1 9 195 + 44 45 is  a n  e x t r a o r d ina r y  h o t  o bje c t . Ve r y few 

fe a tur e s  are  vis ib le  in  it s  h o t  c o n t in u u m , b u t  t he  c o m b in a 

t io n  o f C IV  a nd  He  II  close  t o  4686 A is  a h a llm a r k  o f the  

P G1 1 5 9  s tar s . Kr onbe r g e r  e t  a l. (2006) ha ve  no te d  a ‘pos 

s ib le  b ip o la r  P N ’ w h ic h  th e y  c a ll D S H  J1 9 1 9 .5+ 4445, w it h  

a n  are a  o f a b o u t  tw o a r c m in  c e nte r e d r o ug h ly  o n  th e  c oor 

d in a te s  o f ou r  o bje c t . We  c onc lud e  t h a t  J1 9 195 + 44 45 is  the  

c e n t r a l s t a r  o f t h a t  ne b ula .
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Teff [kK]

F i g u r e  3 .  T h e  T eg/ \ ogg  p la n e  fo r  t h e  s d B  s t a r s  in  o u r  s a m p le .  R e d  s y m b o ls  in d ic a t e  t h e  p u ls a t o r s ,  b lu e  s y m b o ls  t h e  n o n - p u ls a t o r s ,  

w it h  t h e  t r a n s ie n t  p u ls a t o r  m a r k e d  w it h  a  g r e e n  s y m b o l.  T h e  s d B + d M  r e f le c t io n  b in a r ie s  a r e  m a r k e d  w it h  t r ia n g le s ,  a n d  t h e  e c lip s in g  

s d B + W D  s y s t e m  (w h ic h  is  a ls o  a  c a n d id a t e  p u ls a t o r )  is  m a r k e d  w it h  a  s t a r .

3 .1 .2  Prope rt ie s  o f  the  ho t  s ubdw arfs

We  ha ve  d e te r m in e d  the  phys ic a l pa r a m e te r s  o f a ll t he  s dB 

s tar s  in  our  s a mple , e x ce pt for  tw o t h a t  are  s t r o ng ly  c o n t a m 

in a t e d  by  a c o m p a n io n  (lis te d  as  s d B + F / G  in  T a ble  1). T he  

phys ic a l pa r a m e te r s  de r ive d fr o m  o u r  m o d e l fits  are  lis te d  

in  t h e  la s t  c o lum ns  o f T a b le  3 a n d  T a ble  4. Alm o s t  a ll the  

s dB s tar s  s how  the  C a  II H  a n d  K  line s  c ha r a c te r is t ic  o f s dBs  

w it h  ma in- s e que nc e  F / G / K  c o m pa n io ns , b u t  in  o u r  low res 

o lu t io n  s pe c tr a  it  is  n o t  pos s ib le  t o  d is t in g u is h  t he  C a ll  

s ig na tu r e  o f a ma in- s e que nc e  c o m p a n io n  fr o m  in te r s te lla r  

a bs o r p t io n , w h ic h  c a n  be  q u it e  s u b s t a n t ia l a t  the  r e la t ive ly  

low ga la c t ic  la t it u d e s  o f the  K e p le r  fie ld. O n ly  J19 162 + 47 49 

a n d  J19 4 05 + 4 8 27  are  c le ar ly c o mpo s ite - s pe c t r um s dB p lus  

F  or  G  bina r ie s , a nd  we  r e fr a in fr om  a t t e m p t in g  to  de te r 

m in e  phys ic a l pa r a m e te r s  for  the s e  tw o s tar s  du e  t o  the  

s t r ong  c o n t a m in a t io n . On e  s ta r , J19 41 5 + 4 9 07 , was  c las s i

fie d as  s d OB  ba s e d o n  th e  pre s e nce  o f b o t h  He  I a n d  H e ll 

line s  in  it s  s pe c tr um , b u t  we fa ile d  t o  o b t a in  a s a t is fa c tor y  

s o lu t io n  in  the  m o de l- fit t ing  proc e dur e . T he  o b je c t  a ppe a r s  

t o  be  h o t t e r  t h a n  40 000 K , b u t  a h ig he r  S / N  s p e c t r um  w o uld  

be  r e quir e d  t o  m a ke  fir m  c onc lus ions .

T he  e ffe c tive  t e m p e r a tu r e  (Teg ) , s ur fac e  g r a v ity  (lo g g ), 

a n d  pho to s p he r ic  h e liu m  a b u nd a nc e  ( lo g y  =  log  (N u e / N u ))  

we re  de r ive d by  fit t in g  m o d e l a tm os phe r e  g r ids  to  t h e  h y d r o 

ge n a nd  h e liu m  line s  vis ib le  in  t he  s pe c tr a , w h ic h  in  a ll cases  

inc lude  Ba lm e r  line s  u p  t o  H 1 3 . T he  fit t in g  pr oc e dur e  us e d 

he re  was  t h e  s a me  as  t h a t  o f E d e lm a n n  e t  al. (2003), b u t  we 

us e d o n ly  th e  me ta l- line  b la nke te d  LT E  mo de ls  o f s ola r  c o m 

p o s it io n  de s c r ibe d in  He b e r  e t  al. (2000). N o te  t h a t  for  the  

h o t te s t  s tar s  in  t h e  s a m ple , N LT E  effects  s t a r t  t o  be c ome  

s ig nific a n t  (N a p iw o tzk i 1997), a nd  t h a t  t he  LT E  mo de ls  c a n 

und e r e s t im a te  t h e  t e m pe r a tur e s  by  u p  to  1000 K  in  s ome  

cases . It  is  a ls o k no w n  t h a t  s d B s ta r s  ha ve  ve ry pe c ulia r  

a b und a nc e  p a t t e r n s . In  ge ne ra l t h e  lig h t  e le me nts  (He  to  S) 

are  de fic ie nt  w it h  r e s pe ct  t o  t h e  s u n  (E d e lm a n n  e t  a l. 2006), 

w h ile  s ome  ir on- gr oup a nd  e ve n he a vie r  e le me nts  (e .g. le a d) 

c a n  be  s t r o ng ly  e nr ic he d ( O ’T oole  & He be r  2006; Bla nc h e t t e

e t  al. 2008). T he  ir o n  a bund a nc e , howe ve r , is  fo un d  to  be  

ne a r ly  s ola r  (w ith  a  s c a t te r  ± 0 .5  de x  fr o m  s t a r  t o  s t a r ) in  a 

s a m ple  o f 139 s dB s tar s , ir r e s pe c t ive  o f t h e  e ffe c tive  t e m p e r 

a tu r e  (Ge ie r  e t  al. 2010). T he r e for e , we de c ide d t o  us e  m o de l 

a tmos phe r e s  o f s ola r  m e ta l c o n te n t , w h ic h  a c c ount  for  m e ta l 

line  b la n k e t in g  t h r o u g h  o pa c ity  d is t r ib u t io n  func t io ns , for  

t he  q u a n t it a t iv e  s pe c tr a l a na lys is  (He b e r  e t  al. 2000). T he  

h e liu m  a b u n d a n c e  is  d e te r m in e d  for  e a ch s t a r  in d iv id u a lly . 

T he  pe c ulia r  m e ta l a b u n d a n c e  p a t t e r n s  are , he nc e , u n a c 

c o un te d  for  a n d  m ig h t  in t r o d uc e  s ome  unc e r t a in t ie s  w he n  

d e t e r m in in g  T eg  a n d  log g. T he  e r rors  g ive n  o n  th e  la s t  d ig it  

in  T a ble  3 a n d  4 o n ly  re flect the  fo r m a l e r rors  w he n  fit t in g  

t h e  mo de ls  t o  t h e  obs e rve d s pe c tr a . Sys t e m a tic s  w he n  us ing  

gr ids  w it h  d iffe r e nt  num e r ic a l a p p r o x im a t io n s  or  me ta llic-  

it ie s  c a n  be  m u c h  mo r e  s ig nific a n t  t h a n  t he  fo r m a l e r rors , 

e s pe c ia lly  for  the  s tar s  w it h  h ig h  S / N  s pe c tr a , w h ic h  a ppe a r  

w it h  e x tr e me ly  low  e r ror  ba r s  in  F ig . 3.

T he  pa r a m e te r s  o f t h e  pu ls a to r s  are  g ive n in  T a ble  4, 

to ge th e r  w it h  t he ir  v a r ia b ility  d a t a . Re m a r k a b ly , a ll the  

s tar s  in  ou r  s a m ple  w h ic h  conve rge  t o  t e m pe r a tur e s  be 

low  ^ 2 7  500 K  o n  ou r  LT E  g r id  a ppe a r  t o  be  pu ls a to r s  (see 

F ig . 3). Se ve ra l s ta r s  lie  in  the  r e g ion  close  t o  28 000 K  whe r e  

t h e  h y b r id  D W L y n  t y pe  pu ls a to r s  are  fo und . T hr e e  o f t he  

long- pe r iod puls a to r s  a ls o s how  s igns  o f p u ls a t io n  pe r iods  

w it h  fr e que nc ie s  s hor t  e no ug h  to  be  p- mode s , a lt h o u g h  w it h  

e x tr e m e ly  low a m p litud e s .

3 .2  P h o t o m e t r ic  o b s e r v a t io n s

P r io r  t o  t h e  K e p le r  la unc h , g r ound- ba s e d p r e lim in a r y  o b 

s e r va t ions  we re  do ne  for  27 ta r ge ts , in c lu d in g  a ll thos e  

w it h  k n o w n  p r o pe r  m o t io n . T ime - se r ie s  p h o t o m e t r y  o n  24 

o f the s e  was  pe r for m e d  a t  the  3.6- m T e le s copio N az io n ale  

Galile o  (T N G ) in  Au g u s t  o f 2008 us ing  th e  DOLORE S  c a m e r a  

(m a r ke d w it h  a f in  T a ble  1). E a c h  ta r ge t  was  obs e rve d once  

for  one  t o  tw o hour s  w it h  t he  g  filte r , a nd  e x pos ure  t im e s  

be tw e e n  one  a n d  t e n  s e conds , d e p e n d in g  o n  the  m a g n itu d e .
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T a b le  3 . P r o p e r t ie s  o f  s d B  s t a r s  w it h  n o  s ig n if ic a n t  p u ls a t io n s .

KIC N a m e

1 0 0 -

a

p p m

500

^4+
a

jttHz

ƒ+
jttHz

500-

a

p p m

- 2000 /iHz

^4+  /+
a  jttHz

2 0 0 0

a

p p m

- 8488 /iHz

^4+  /+
a  /¿Hz

Te ft 
k K

S p e c t r o s c o p

lo g fl

d e x

ic  d a t a  

lo g y  

d e x

T e l- r u n

9569458 J 18477+ 4616 92 4.0 195 91 3.5 881 92 3.7 5516 27.8(2) 5.34(3) - 2.7(1) WHT- 2

4244427 J 19032+ 3923 97 3.5 245 95 4.1 1253 95 4.0 2903 28.1(2) 5.55(3) -2 .0 ( 1 ) WHT- 2

8022110 J19179+ 4350 42 2.9 146 41 3.5 1322 41 3.5 6324 28.9(2) 5.50(3) -2 .6 ( 1 ) WHT- 2

6848529 B D + 42° 3250 3 2 .8 473 2 3 .3 1880 2 3.8 4887 28.7(1) 5.08(2) -1 .6 ( 1 ) WHT- 1

29.5(1) 5.13(2) - 1.5(1) B o k

10661778 J19211+ 4759 99 3.5 452 97 3.5 805 98 4.1 2914 29.4(2) 5.56(4) -2 .8 ( 1 ) WHT- 2

1868650 K B S  13 7 3.4 297 7 3.6 1365 7 3.7 5033 29.7(1) 5.70(1) - 1.7(1) B o k

3729024 J19014+ 3852 137 3.1 2 0 0 133 3.5 693 134 3.8 2587 30.6(7) 5.83(9) - 3.2(1) S D S S

6188286 J19028+ 4134 1 0 4.0 188 1 0 4.1 1206 1 0 3.9 4921 31.6(2) 5.81(2) - 1.7(1) WHT- 1

7434250 J19135+ 4302 2 0 4.0 183 19 3.4 576 19 3.9 6196 32.0(4) 5.17(7) -2 .8 (2 ) WHT- 1

8889318 J19328+ 4510 62 3.4 412 61 3.7 1614 62 3.8 3843 32.4(5) 5.67(9) - 2.4(4) WHT- 1

8142623 J 18427+ 4404 118 3.0 274 115 3.7 653 116 4.0 4291 34.1(2) 5.65(3) - 1.5(1) WHT- 2

7975824 K P D  1946+ 4340 9 3.2 275 9 3.7 1156 9 4.1 5018 34.3(3) 5.20(12) -- 1.3(1)

5342213 J 18568+ 4032 157 3.6 182 155 3 .3 1620 156 3.6 4033 35.7(2) 5.78(5) - 1.5(1) WHT- 2

8496196 J 19288+ 4430 41 3.1 323 41 3.7 1189 40 3.9 8065 36.1(2) 5.85(4) -1 .6 ( 1 ) WHT- 2

9543660 2M1951+ 4607 7 3.4 2 2 1 7 3.6 1994 7 4.0 3826 37.7(1) 5.66(2) - 2.3(1) B o k

10593239 J19162+ 4749 V a r .  c o m p . 18 3 .3 576 18 3.7 5732 S t r o n g  c o m p o s it e N O T - 1

10982905 J 19405+ 4827 9 3 .3 314 8 3.5 1098 8 3.7 4797 S t r o n g  c o m p o s it e N O T - 1

T h e  d a t a  were  r e duc e d us ing  s t a n d a r d  t e c hn ique s  (see e .g. 

S ilv o t t i e t  a l. 2006), us ing  t y p ic a lly  s e ve n c o m pa r is o n  s tar s  

(m in im u m  fo ur ). A  p r e lim in a r y  a na lys is  o f the s e  d a t a  d id  

n o t  s how  a ny  c le ar  s ig na tu r e  o f in tr in s ic  p u ls a t io n  in  a ny  of 

t h e  s ta r s  obs e rve d (S ilv o t t i e t  a l. 2009) a nd  th e  ty p ic a l up pe r  

lim it s  t o  t h e  p u ls a t io n  a m p lit u d e  we re  be tw e e n 0 . 1  a nd  0 .2 %. 

Howe ve r , for  tw o s dB c a nd id a te s  lo w - a m plit ud e  v a r ia b ilit y  

was  s us pe c te d: a  p e a k  a t  125 s w it h  a n  a m p lit u d e  o f a b o u t  

0 .1 % a t  3.5 t im e s  t h e  nois e  le ve l was  fo un d  in  K IC  2020175 

( =  J19 3 08 + 37 2 8, a  Q3 .1  K e p le r  ta r g e t ) a n d  a  pos s ib le  p e 

r io d  o f a b o u t  one  h o u r  w it h  a n  a m p lit u d e  o f ~ 0 .4 % was  

de te c te d  in  K P D  1943+ 4058. Ind e e d , K e p le r  ha s  c onfir m e d 

t h a t  K P D  1943+ 4058 is  a  g- mode  p u ls a to r  (see T a ble  4 a nd  

Se c t ion 4 .4 be lo w ). Mor e ove r , the  T N G  d a t a  re ve a le d h ig h  

a m p lit u d e  (~ 1 0 %) v a r ia b ility  for  t h e  C V  J1 9 241 + 44 59 (see 

Se c t ion 4 .7  be lo w ), a nd  gr ound- ba s e d follow- up p h o t o m e t r y  

a n d  s pe c tr os c opy  ha ve  r e ce nt ly  be e n p ub lis h e d  by  W illia m s  

e t  a l. (2 0 1 0 ).

An o t h e r  thr e e  ta r ge t s  we re  obs e r ve d w it h  N O T / A L F O S C  

in  fa s t  p h o t o m e t r y  m o de  (m a r ke d w it h  a  £ in  T a ble  1). T w o 

s howe d no  p a r t ic u la r  fe a tur e s , a nd  t h e  p h o to m e t r ic  lim it s  

we re  in c lu d e d  in  t he  s t ud y  o f 0 s te ns e n e t  al. (2 0 1 0 a ), a nd  

one  s t a r  obs e rve d d u r in g  t he  NOT - 1  r u n  was  fo un d  to  s how 

s u b s t a n t ia l p h o to m e t r ic  a c t iv it y  o n  longe r  time - s cales , b u t  

th e  one - hour  r u n  was  t o o  s hor t  t o  m a ke  a ny  fu r th e r  c o n 

c lus ions . T he  K e p le r  p h o t o m e t r y  c le ar ly  re ve als  t h is  o bje c t , 

J1 8 5 61 + 45 3 7 (K IC  9202990) t o  be  a  c a ta c lys m ic  va r ia ble  (see 

Se c t ion 4.7, be low ).

4 K E P L E R  O B S E RV A T IO N S

B o t h  s dBs  a nd  W D s  are  r are  ob je c t s  in  t h e  fie ld. T he  large  

P G  a n d  K P D  s urve ys  de te c te d  o n ly  a b o u t  five  s dBs  w it h  

B  <  16 pe r  one  h u n d r e d  s qua r e  de gre e s  o f sky, a nd  h a lf 

o f t h a t  for  the  W D s . T he  F o V o f K e p le r  cove rs  a b o u t  t h a t  

a re a , so in  o r de r  t o  ha ve  a  r e a s onable  c ha nce  o f fin d in g  a 

p u ls a to r , it  was  ne ce s s ary t o  e x te nd  the  lim it  t o  a  m a g n itu d e

o f ~ 1 7 .5 . T he  h ig h  p h o to m e t r ic  a cc ur a c y  o f K e p le r  e ns ure s  

t h a t  we c a n  s t ill de t e c t  pu ls a to r s  a t  t h is  m a g n itu d e , a n d  

the re for e  t h a t  c o m p a c t  pu ls a to r s  r e m a in  v ia b le  ta r ge t s  for  

t h e  mis s ion. A lt h o u g h  the  1 - min c ade nc e  is  no t  id e a l for  

t h e  s hor t  pe r io ds  o fte n  fo un d  in  the s e  ta r ge ts , it  is  s hor t  

e no ug h  to  de te c t  m o s t  if  no t  a ll t h e  p u ls a t io n  pe r io ds  o f 

the s e  s tar s , w h ic h  are  ty p ic a lly  be tw e e n a b o u t  tw o m inu te s  

a n d  tw o hour s .

4 .1  S a m p le  s t a t is t ic s

O u r  in it ia l s ta t is t ic s  p r e d ic te d  a b o u t  twe lve  s d B V  (four  

s hor t- pe r iod a nd  e ig ht  long- pe r iod s dB Vs ) a nd  tw o to  thr e e  

ZZ Ce t i pu ls a to r s  w it h in  t h e  17.5 m a g n it u d e  lim it .  T he  D B V  

a n d  G W V ir  s ta r s  are  mor e  rare , a n d  w o uld  o n ly  be  fo und  

by  a  s t roke  o f luck. T he s e  num b e r s  we re  o b t a in e d  a s s um 

in g  a  loc a l s pace  de n s ity  o f 1.2 x  10~ 4  p c ~ 3 (ZZC e t i) ,

4 x  10~ 8  p c ~ 3 (V3 6 1 H y a ) a nd  8  x  10~ 8  p c ~ 3 (V1 0 9 3 He r ), 

a  dis c  s cale  he ig h t  o f 500 pc , a n d  c ons ide r ing  a  fr a c t io n  of 

pu ls a to r s  w it h in  e a ch in s t a b ilit y  s t r ip  o f 1, 0.1 a nd  0.5 re 

s pe c t ive ly  (see S ilv o t t i 2004, for  mor e  de ta ils ). No te  t h a t ,  

du e  to  t he ir  in tr in s ic  fa intne s s , a ll t he  DAVs  obs e r va ble  w it h  

K e p le r  be lo ng  to  t h e  ga la c t ic  dis c , im p ly in g  t h a t  t he ir  n u m 

be r  is  h ig h ly  d e pe nde n t  o n  t he  m a g n it u d e  lim it  (w hile  th is  

is  o n ly  m a r g in a lly  t r ue  for  the  s dBs ). T he  n u m b e r  o f DAVs  

p o t e n t ia lly  obs e rvable  w it h  K e p le r  incre as e s  by  a  fa c to r  ~ 4  

w he n  inc r e a s ing  the  m a g n itu d e  lim it  by  one  u n it .

T he  in it ia l s ta t is t ic s  ha ve  no w  be e n c on fir m e d  to  a  lar ge  

e x te nt  by  o u r  s pe c tr os c opic  obs e r va t ions , as  o u r  e ffor ts  ha ve  

s e cure ly id e n t ifie d  70 h o t  s ubd w a r fs  do w n  to  a  m a g n itu d e  of 

17.7. As  m a n y  as  56 o f the s e  are  s dBs  a nd  s d OBs  (e xa c t ly  

t h e  n u m b e r  e x pe c te d  fr o m  th e  s pace  de ns it ie s  a n d  p u ls a to r  

fr a c t ions  s t a t e d  a bove ), s e ve n are  He - s dOBs , a nd  s e ve n are  

s dOs , a lt h o u g h  the  e x a c t  n u m b e r  o f pu ls a to r s  r e m a ins  to  

be  de te r m in e d  as  o n ly  h a lf o f t h e  p h o to m e t r ic  s urve y d a t a  

ha ve  be e n re le as e d. For  t h e  W D s  th e  num b e r s  are  a b o u t  

as  e x pe c te d; fifte e n DAs , tw o DBs , one  D O ,  tw o P N N i a n d  

tw o CVs . A b o u t  h a lf o f the s e  ta r ge t s  are  lis t e d  in  T a b le  1 ,
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T a b le  4 . P r o p e r t ie s  o f  t h e  s d B V  s t a r s .

KIC N a m e

N f /med
jt tHz

K e p le r  d a t a

fmin ƒ  max
/ ¿Hz  / ¿Hz

-^orb
d a y s

Tea
k K

S p e c t r o s c o p ic  d a t a  

lo g  g lo g  y 
d e x  d e x

T e l- r u n

1 0 6 7 0 1 0 3 J 1 9 3 4 6 + 4 7 5 8 28 1 3 1 .6 6 1 .4 2 0 3 .2 2 0 .9 (3 ) 5 .1 1 (4 ) - 2 .2 (3 ) N O T - 3

2 6 9 7 3 8 8 J1 9 0 9 1 + 3 7 5 6 3 7 1 8 3 .1 8 9 .1 3 8 0 5 .9 2 3 .9 (3 ) 5 .3 2 (3 ) - 2 .9 (1 ) N O T - 1

1 1 1 7 9 6 5 7 J 1 9 0 2 3 + 4 8 5 0 11 2 7 1 .5 1 8 6 .5 3 5 1 .6 0 .3 9 4 2 6 .0 (8 ) 5 .1 4 (1 3 ) - 2 .1 (2 ) W H T - 1

7 6 6 4 4 6 7 J1 8 5 6 1 + 4 3 1 9 6 2 0 7 .5 1 1 0 .2 2 4 6 .9 2 6 .8 (5 ) 5 .1 7 (8 ) - 2 .8 (2 ) W H T - 2

5 8 0 7 6 1 6 K P D  1 9 4 3 + 4 0 5 8 21 2 2 4 .1 1 0 9 .5 3 4 4 7 .2 2 7 .1 (2 ) 5 .5 1 (2 ) - 2 .9 (1 ) B o k

2 9 9 1 4 0 3 J 1 9 2 7 2 + 3 8 0 8 7 2 8 3 .7 1 9 4 .7 3 3 4 .8 0 .4 4 3 2 7 .3 (2 ) 5 .4 3 (3 ) - 2 .6 (1 ) W H T - 2

3 5 2 7 7 5 1 J 1 9 0 3 6 + 3 8 3 6 41 2 7 5 .1 9 2 .1 3 7 0 3 .3 2 7 .6 (2 ) 5 .2 8 (3 ) - 2 .9 (1 ) N O T - 1

2 8 .2 (3 ) 5 .4 6 (5 ) - 2 .9 (1 ) IN T - 1

2 7 .9 (2 ) 5 .3 7 (9 ) - 2 .9 (1 ) ( A d o p t e d )

9 4 7 2 1 7 4 2 M 1 9 3 8 + 4 6 0 3 > 5 5 2 0 6 5 .9 5 0 .3 4 5 3 1 .6 0 .1 2 6 2 9 .6 (1 ) 5 .4 2 (1 ) - 2 .4 (1 ) B o k

1 0 1 3 9 5 6 4 J 1 9 2 4 9 + 4 7 0 7 20 5 7 0 9 .4 3 1 6 .0 7 6 3 3 .6 3 2 .5 (2 ) 5 .8 1 (4 ) - 2 .3 (1 ) W H T - 2

2 9 9 1 2 7 6 J1 9 2 7 1 + 3 8 1 0 1 8 2 0 1 .1 3 3 .9 (2 ) 5 .8 2 (4 ) - 3 .1 (1 ) W H T - 2

th e  r e m a in d e r  w ill be  de s c r ibe d fo llow ing  t h e  re lease  o f the  

s e c ond h a lf o f t h e  s urve y pha s e  o f the  mis s ion.

4 .2  T h e  K e p le r  p h o t o m e t r y

K e p le r  s hor t- c ade nc e  (S C) p h o t o m e t r y  c ons is ts  o f lig h t  

c ur ve s  w it h  58.8 s s a m p lin g , e a ch a r o u n d  one  m o n t h  in  

le ng th , e xc e pt for  t h e  s ho r te r  QO c om m is s io n in g  cycle  w hic h  

o n ly  in c lu d e d  r e la t ive ly  b r ig h t  obje c ts . T he  lig h t  c ur ve s  fr o m 

QO a n d  Q1  are  v ir t u a lly  u n in t e r r u p t e d , b u t  in  Q2  e ve nts  on  

Ju ly  2 t r igge r e d a  proce s s or  re se t t h a t  c aus e d the  s pace cr aft  

t o  e nte r  safe  mo de . S uc h  s a fing e ve nts  p r o d uc e  ga ps  in  the  

light- curve s , a nd  the  Ju ly  2 e ve nt  c a us e d a  two- day ga p  in  

time - se r ie s  fr om  Q2 .1 . T w o o the r  m in o r  e ve nts  c a us e d a  loss  

o f fine  p o in t in g  c o nt r o l, w h ic h  p r o d uc e d  a  half- da y ga p  in  

t h e  p h o t o m e t r y  fr o m  fr o m  Q2 .2 , a nd  a  one - day ga p  in  Q2 .3 . 

P o in t in g  c or r e c t ions  t h a t  d id  no t  le ave  s ig nific a n t  ga ps  also 

p r o d uc e d  m in o r  e xc ur s ions  in  t he  lig h t  curve s . Su c h  corre c 

t io ns  ha ve  m in im a l e ffect o n  u n c o n t a m in a t e d  lig h t  curve s , 

b u t  c a n  caus e  q u it e  s ig nific a n t  e xc ur s ions  in  the  lig h t  curve s  

o f s tar s  w it h  s u b s t a n t ia l c o n t a m in a t io n  fa c tor s  (see T a b le  1). 

We  fit t e d  fir s t  or  s e cond or de r  p o ly n o m ia ls  w it h  a n  e x po ne n 

t ia l de c ay c o m p o n e n t  t o  e a ch s e gme nt  o f t he  lig h t  c ur ve  a nd  

s ub t r a c t e d  t h is  fu n c t io n  be fore  r e s to r ing  it  ba c k  to  it s  m e a n  

va lue . T he  a m p lit u d e s  p r o v id e d  in  t h is  pa pe r  are  the re fore  

n o t  c or r e c te d for  t h e  c o n t a m in a t io n  fr om  close  c o m pa nio ns . 

We  are  c onc e r ne d t h a t  t h e  c o n t a m in a t io n  c or r e c t ions  p r o 

v id e d  by  the  K IC  are  no t  s uffic ie nt ly  a c c ur a te  for  o u r  t a r 

ge ts , as  the y  ha ve  s pe c tr a  t h a t  de v ia te  s u b s t a n t ia lly  fr om  

n o r m a l s tar s , p a r t ic u la r ly  a t  s hor t  wa ve le ngths . A  fu ll c on 

t a m in a t io n  c or r e c t ion w ill be  pe r for m e d  la te r  for  t h e  mo s t  

im p o r t a n t  ta r ge ts , w he n  we ha ve  s pe c tr os c opic  in fo r m a t io n  

a ls o o n  the  s u r r o un d in g  s tar s .

T he  K e p le r  in s t r u m e n t  ha s  a n  in tr in s ic  e x pos ure  c y 

cle  c ons is t ing  o f 6.02 s in te g r a t io n  fo llowe d by  a  0.52 s 

r e a do ut  pe r iod . T he  S C p h o t o m e t r y  is  a  s u m  o f nine  

s uc h in te g r a t io ns , a n d  long- cade nce  (LC) p h o t o m e t r y  are  

a  s um  o f 270 (G illila n d  e t  a l. 2 0 10b). For  u n k n o w n  r e a 

sons , the  L C  cycle  p r o duc e s  a r te fa c ts  in  t h e  S C lig h t  cur ve , 

n o t  ju s t  a t  t h e  L C  fr e que nc y, f \ c  =  566.391 ¡j l ü z , b u t  a t  

a ll ha r m o nic s  o f t h is  fr e que nc y  u p  to  t h e  N y q u is t  fre 

que ncy , w h ic h  is  /Nyq =  15- /ic =  0.5- /sc =  8496.356 ¡j l ü z . In  

m o s t  s hor t- c ade nc e  figh t  curve s , the s e  a r te fa c ts  ge t  s t ronge r

a t  h ig he r  fre que nc ie s , t y p ic a lly  p e a k ing  a t  9- /ic = 5 0 9 8 / iH z . 

Aft e r  t h e  s a fing e ve nt  in  Q2 .1 , f \ c  r e tu r ne d  w it h  a  d iffe r 

e nt  pha s e , w h ic h  ma ke s  it  s p lit  u p  in  tw o pe a ks  o f r o ug hly  

e qua l a m p lit u d e  w he n  t a k in g  the  F T  o f t h e  fu ll da ta s e t , 

w h ile  s t e lla r  p u ls a t io n  pe a ks  r e m a in  s ingle - pe ake d. In  the s e  

cases  it  affe cts  a  r e g ion o f t he  F T  u p  to  2 ¡ j l R z  w ide  a r o und  

e ac h m u lt ip le  o f f \ c , w h ile  for  a ll o the r  r u ns  the  re gions  a f

fe c te d are  ~ 1  /j H z  wide . An o t h e r  like ly  a r te fa c t  is  fo un d  a t  

7865 /LtHz. It  is  s ee n in  t h e  figh t  c ur ve s  o f K IC  8022110, a n d  

2991276, in  the  pu ls a to r s  K IC  2697388, 3527751, 10139564, 

a nd  in  t h e  D B  w h ite  d w a r f K IC  6862653. K IC  2991276 was  

obs e r ve d in  Q2 .1 , a n d  t h e  7865- / iHz pe a k  is  do ub le  ju s t  as 

t he  f i c a r te fa c ts . It  t h u s  a ppe a r s  m o s t  like ly  t h a t  t h is  pe a k  

is  in s t r u m e n ta l in  o r ig in , b u t  it s  p a r t ic u la r  caus e  is  no t  ye t 

know n.

4 .3  D e t e c t io n s  a n d  n o n - d e t e c t io n s

U n a m b ig u o u s  pu ls a t io ns  we re  de te c te d  in  n ine  o f the  s tar s  

c las s ifie d as  h o t  s u b d w a r f s ta r s  in  T a b le  1, a n d  in  no ne  of 

t he  w h ite  dw ar fs . For  t h is  re as on we w ill c o nc e n tr a te  m o s t ly  

o n  t h e  s u b d w a r fB  s tar s  in  t h is  pa pe r , a nd  leave  a  de ta ile d  

t r e a tm e n t  o f the  w h ite  dw ar fs  u n t il t h e  s urve y is  c omple te . 

Aft e r  d e t r e n d in g  the  fight  curve s , we c o m p u te d  the ir  Four ie r  

t r a ns fo r m s  (FT s ) a n d  e x a m in e d  t h e m  for  p u ls a t io ns  a nd  b i 

n a r y  s ig na tur e s . T he  pu ls a to r s  are  d is cus s e d in  Se c t ion 4.4, 

a nd  th e  b in a r ie s  in  Se c t ion 4.6, be low.

T a b le  3 a n d  T a ble  5 fis t  t h e  lim it s  fr om  the  K e p le r  p h o 

t o m e t r y , in  thr e e  d iffe r e nt  fr e que nc y  r ange s , for  a ll t he  s tar s  

whe r e  no  c le ar  pu ls a t io ns  were  fo und . We  give  t h e  a r it h m e t ic  

m e a n  o f t h e  a m p lit u d e  s p e c t r um  in  t h e  fr e que nc y  r a nge  c o n 

s ide r e d (w hic h  for  a  p h o t o n  nois e  d o m in a t e d  s ig na l c a n  be  

c ons ide re d as  t he  var ia nc e , a ) ,  a n d  th e  a m p lit u d e , A+ , a n d  

fre que nc y, ƒ+ , o f t h e  h ig he s t  pe a k, whe r e  A+  is  g ive n  as  the  

r a t io  o f t h e  p e a k  a m p lit u d e  a n d  th e  a  leve l.

W it h  o n ly  a  fe w e x ce pt ions , t he  fr e que nc y  a na lys is  o f 

t he  thr e e  fr e que nc y  re gions  y ie lds  id e n t ic a l r e s ults  in  te r ms  

o f nois e  le ve l, e vide nce  o f t h e  e xc e lle nt  q u a lit y  o f t h e  K e 

p le r  pho to m e t r y . T he  nois e  le ve l is  fo un d  to  be  ~ 8  p p m  for 

K p =  14 a n d  ^1 0 0  p p m  for  K p =  17.5. No te  t h a t  the r e  are  

s ome  dis c re panc ie s  du e  to  t h e  va r y ing  c o n t a m in a t io n , w hic h  

is  no t  re fle c te d in  t h e  K e p le r  m a g n itud e s . T he  highe s t  pe a k  

fo un d  in  t h e  F T  for  t he  ta r ge t s  in  T a b le  3 lie s  o n  ave rage
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T im e  [ da y s  s in c e  R H J D  5 4 9 5 0 ]

F ig u r e  4 . T h e  lig h t - c u r v e  o f  t h e  H e - s d O B  J1 9 3 5 2 + 4 5 5 5  s h o w s  u n u s u a l d ip s  w h ic h  a p p e a r s  a s  1 / ƒ  n o is e  in  t h e  F T ,  i.e .  t h e r e  is  n o  r e g u la r  

r e c u r r e n c e . H e r e , o n ly  t h e  fir s t. 3 .7  d a y s  o f  t h e  1 - m o n t h  d a t a s e t  is  s h o w n .  S in c e  t h e r e  is  n o  s h o r t - t e r m  v a r ia b ilit y ,  t h e  d a t a  h a v e  b e e n  

b in n e d  w it h  e a c h  p o in t  r e p r e s e n t in g  t h e  a v e r a g e  o f  t w e lv e  s h o r t .- c a d e n c e  e x p o s u r e s ,  a n d  t h e ir  r m s  v a r ia t io n .

a r o u n d  3.7 t im e s  t h is  le ve l, b u t  the r e  are  q u it e  a fe w s tar s  

t h a t  s how  pe a ks  be tw e e n 4 .0  a nd  4.1 t im e s  t h e  m e a n . T h is  

is  no t  une x pe c te d  c o ns ide r ing  t h e  fa c t  t h a t  t he  lig h t  curve s  

c o n ta in  a r o u n d  40 000 in d e p e n d e n t  me a s ur e m e nt s , a n d  it  is  

h a r d  to  c la im  t h a t  s uc h  low - a m plitude  p u ls a t io ns  are  s ignifi

c a n t . Howe ve r , it  is  w o r th  n o t in g  t h a t  the r e  se e m to  be  mor e  

cases  o f s uc h 4 .0  t im e s  m e a n  pe a ks  in  the  s dB s tar s  (T a ble  3) 

t h a n  in  t h e  non- s dBs  (T able  5). Since  t h e  s dBs  are  k no w n  

t o  s how  p u ls a t io ns  mor e  fr e q ue nt ly  t h a n  the  o the r  classes , 

t h is  m a y  n o t  be  a c o inc ide nc e , a n d  r a the r  a n  in d ic a t io n  of 

lo w - a m plitude  or  t r a ns ie n t  p u ls a t io n  mode s .

For  tw o s tar s  we we re  u n a b le  t o  de r ive  us e ful lim 

it s  in  the  low- fre que ncy r a nge . T h e  s d B + F  c om pos ite  

J1 9 16 2 + 4 7 49  s hows  a  lig h t  c ur ve  t h a t  is  n o t  c ons is te nt  w it h  

o r b it a l m o t io n  (F ig . 8 ). T he  m a in  v a r ia t io n  is  fo un d  a t  1.9 d, 

fa r  t o o  lo ng  for  a c o m p a c t  pu ls a to r . We  w ill dis cus s  t h is  o b 

je c t  fu r th e r  in  Se c t ion 4.6.

T he  s e c ond o b je c t  w it h  s u b s t a n t ia l pow e r  in  t he  F T  a t  

low  fr e que nc ie s  is  t h e  He - s dOB s t a r  J19 35 2 + 4 5 55 . T he  lig h t  

c ur ve  a ppe a r s  t o  ha ve  r a p id  dr ops  in  t h e  p h o t o m e t r y  w it h  

no  a p pa r e n t  r e g ula r ity  (F ig . 4 ), a n d  is  u n lik e  a n y t h in g  we 

ha ve  s ee n in  a ny  o the r  K e p le r  lig h t  curve s . It  is  lis t e d  w it h  

a c o n t a m in a t io n  o f 80 pe r  c e nt , so t h e  v a r ia t io n  m a y  no t  

be  fr om  the  s ubd w a r f, b u t  we  ha ve  no  e x p la n a t io n  for  the  

caus e .

For  K B S  13 a n d  t he  o t he r  lo w - a m plit ud e  r e fle c t ion b in a 

r ie s  we  we re  a ble  t o  s u b t r a c t  t he  o r b it a l e ffect w it h  a s im ple  

tw o c o m p o n e n t  s ine  fu n c t io n , t o  p r o d uc e  t he  lim it s  g ive n 

in  T a ble  3. For  K P D  1496+ 4340 we  s ub tr a c t e d  t he  o p t im a l 

m o d e l fr om  Blo e m e n  e t  al. (2010) t o  p r o d uc e  t h e  t a b u la t e d  

lim it s , a n d  no te  t h a t  t h e  4.1- cr pe a k  a t  5018.2 /u.Hz is  ju s t  

a bove  o u r  s ignific a nc e  lim it .

4 .4  P u ls a t io n  p r o p e r t ie s

On e  pu ls a to r , K IC  10139564 (J1 9 2 4 9 + 4 7 0 7 ), s t a nds  o u t  as 

th e  o n ly  u n a m b ig u o u s  V3 6 1 H y a  p u ls a to r  in  t he  s a mple , 

a n d  is  t h e  s ub je c t  o f a de d ic a te d  pa pe r , P a p e r  II .  W h ile  

h a v in g  a p u ls a t io n  s p e c t r um  w it h  s u b s t a n t ia l pow e r  in  the  

h ig h  fr e que nc y  r e g ion, a s ing le  p e a k  w it h  a fr e que nc y  of 

315.96 /l iH z  als o a ppe a r s  in  the  F T . T h is  is  s u r pr is ing , as 

K IC  10139564 is  s ig n ific a n t ly  h o t t e r  t h a n  t h e  b o u n d a r y  re 

---------
22.0  -

24.0

0 50 100 150 20 0 250

P uls a t io n  pe r iods  [ min]

F ig u r e  5 . P u ls a t io n  p e r io d s  a s  a  fu n c t io n  o f  1]\ \  a n d  lo g g  fo r  t h e  

s d B  p u ls a t o r s  f r o m  T a b le  4 . T h e  r e d  b a r s  in d ic a t e  t h e  r a n g e  o f  

p u ls a t io n s ,  a n d  t h e  b lu e  s y m b o ls  m a r k  t h e  p o w e r - w e ig h t e d  m e a n  

fr e q u e n c y , / me d-  T h e  t h r e e  s h o r t - p e r io d  b in a r ie s  a r e  m a r k e d  w it h  

b o x e s , t h e  r e s t  w it h  b u lle t s .

g io n whe r e  t h e  D W L y n  s ta r s  are  fo un d , a nd  m u c h  h o t t e r  

t h a n  t h e  th e o r e t ic a l b lue  e dge  o f t he  g- mode  in s t a b ilit y  re 

g ion.

T he  e c lips ing  b in a r y  2 M1 9 38 + 46 0 3 (K IC  9472174) is  a n  

e s pe c ia lly  in te r e s t ing  a n d  u n u s u a l case . T he  p u ls a t io n  s pe c 

t r u m  is  the  r iche s t  o f a ll t h e  s dBVs  a n d  s pa ns  t h e  whole  

r a nge  fr om  50 to  4 5 0 0 /u.Hz, s o m e th ing  ne ve r  s ee n be fore . 

T he  o n ly  o the r  e c lips ing  s d B + d M  s ys te m  w it h  a p u ls a t in g  

p r im a r y  is  N Y V ir ,  so it  is  r e a lly  a n  e x c e p t iona l s t roke  of 

luc k  t h a t  t he  br ig h te s t  E H B  s t a r  a m o ng  a ll the  c o m pa c t  

p u ls a to r  c a nd id a te s  is  s uc h  a n  e x c e p t iona l o bje c t . A  fir s t  

lo ok  a t  t h e  p u ls a t io n  s p e c t r um  a nd  a de ta ile d  a na lys is  o f 

t he  b in a r y  pr o pe r t ie s  are  g ive n by  (0 s te ns e n e t  a l. 2 0 1 0 b).
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Firs t  Ke p le r  results  on com pact puls ators  11

T a b le  5 . P h o t o m e t r ic  lim it s  o n  t h e  n o n - s d B  s t a r s .

100- - 5 0 0  / tHz 5 0 0 -  2 0 0 0  / iHz 2 0 0 0 - 8 4 8 8  / iHz

a ^4+ ƒ+ a ^4+ ƒ+ a ^4+ ƒ+ G la s s

KIC N a m e p p m a / tHz p p m a / tHz p p m a /tHz

2 2 9 7 4 8 8 J1 9 2 0 8 + 3 7 4 1 7 8 3 .5 1 8 6 .8 7 6 3 .4 1 7 1 4 .8 7 7 3 .8 5 1 7 4 .3 s d O + F / G

2 6 9 2 9 1 5 J 1 9 0 3 3 + 3 7 5 5 1 1 7 3 .2 2 6 0 .5 11 2 3 .5 1 4 9 2 .1 111 3 .7 8 2 4 9 .5 D O

3 4 2 7 4 8 2 J1 9 0 5 3 + 3 8 3 1 9 2 3 .2 4 6 5 .8 9 3 3 .5 1 4 3 0 .4 9 4 3 .6 3 8 7 4 .2 D A

3 5 2 7 6 1 7 J1 9 0 3 4 + 3 8 4 1 1 1 7 3 .1 3 8 9 .9 11 6 3 .5 1 3 8 3 .7 1 1 7 3 .7 4 9 5 1 .6 H e - s d O B

4 8 2 9 2 4 1 J1 9 1 9 4 + 3 9 5 8 2 2 3 .2 4 2 1 .9 2 2 3 .9 1 9 0 0 .9 2 2 3 .9 8 3 0 2 .4 D A

6 6 6 9 8 8 2 J 1 8 5 5 7 + 4 2 0 7 16 3 3 .1 1 7 2 .9 161 3 .4 1 3 1 6 .1 16 0 3 .6 6 3 9 2 .6 D A

6 8 6 2 6 5 3 J1 9 2 6 7 + 4 2 1 9 8 7 3 .7 3 7 7 .9 8 3 3 .3 1 1 4 3 .1 8 4 3 .8 7 4 4 5 .0 D B

7 3 5 3 4 0 9 2 M 1 9 1 5 + 4 2 5 6 11 3 .4 1 9 6 .3 11 3 .5 8 8 4 .0 11 3 .8 5 5 2 3 .3 s d O

7 7 5 5 7 4 1 2 M 1 9 3 1 + 4 3 2 4 8 3 .1 1 7 6 .5 6 4 .0 1 1 2 6 .3 7 3 .8 5 3 8 7 .3 s d O

8 6 1 9 5 2 6 J1 9 1 9 5 + 4 4 4 5 2 2 3 .3 3 2 8 .0 2 2 3 .8 1 7 0 8 .1 2 2 3 .8 5 8 1 2 .1 P N N

8 6 8 2 8 2 2 J1 9 1 7 3 + 4 4 5 2 2 3 3 .7 3 4 4 .0 2 2 3 .6 1 3 4 6 .4 2 2 3 .6 6 0 3 1 .4 D A

9 1 3 9 7 7 5 J 1 8 5 7 7 + 4 5 3 2 1 4 7 2 .9 1 8 6 .2 14 3 3 .5 7 2 4 .0 14 4 3 .7 3 4 9 0 .4 D A

9 4 0 8 9 6 7 J 1 9 3 5 2 + 4 5 5 5 H ig h 1 / / n o is e 6 5 3 .5 1 2 0 2 .3 6 6 3 .5 4 9 5 4 .2 H e - s d O B

9 5 8 3 1 5 8 N S V  1 1 9 1 7 8 6 3 .5 4 9 8 .8 8 1 3 .5 1 3 0 3 .3 8 1 3 .9 6 6 7 2 .5 P N N

9 8 2 2 1 8 0 J 1 9 1 0 0 + 4 6 4 0 12 3 .3 2 8 2 .8 11 3 .6 6 5 9 .0 11 4 .7 7 4 4 4 .2 s d O + F / G

9 9 5 7 7 4 1 J 1 9 3 8 0 + 4 6 4 9 2 9 3 .2 4 3 5 .5 2 9 4 .0 1 1 6 2 .9 2 8 3 .6 4 8 4 7 .2 H e - s d O B

1 0 4 2 0 0 2 1 J 1 9 4 9 2 + 4 7 3 4 2 5 4 .5 1 9 6 .4 2 5 3 .4 9 0 2 .6 2 5 3 .9 3 7 4 8 .9 D A

1 0 4 8 2 8 6 0 J 1 9 4 5 8 + 4 7 3 9 14 6 3 .0 1 2 3 .5 14 5 3 .7 6 8 6 .1 14 5 3 .7 5 2 3 1 .3 D O

1 1 3 5 7 8 5 3 J1 9 4 1 5 + 4 9 0 7 7 5 3 .4 2 2 2 .9 7 5 3 .4 1 1 1 6 .7 7 6 4 .1 7 0 0 9 .0 s d O B  (H o t .)

1 1 5 1 4 6 8 2 J1 9 4 1 2 + 4 9 2 5 2 5 3 .4 2 1 3 .3 2 5 3 .5 9 4 2 .2 2 5 3 .5 2 8 2 2 .0 D A B

1 1 8 2 2 5 3 5 W D  1 9 4 2 + 4 9 9 15 3 .0 2 0 8 .4 15 3 .4 8 8 4 .7 15 3 .5 4 9 9 1 .4 D A

T he  r e m a in in g  s e ve n are  a ll m ult i- pe r io d ic  pu ls a to r s  

o f t he  V1 0 9 3 H e r  clas s , a n d  a d e ta ile d  fr e que nc y  a n a ly 

s is  w ill be  p r o v id e d  in  tw o s e pa r a te  pa pe r s . F ive  obje c ts : 

K IC  2697388, K IC  3527751, K IC  7664467, K IC  10670103, a nd  

K P D  1943+ 4058 are  a na ly s e d in  d e t a il in  P a p e r  II I .  In t e r 

e s t ing ly , thr e e  o f the s e  s how s ig nific a n t  pe a ks  in  t h e  short-  

p e r io d  p u ls a t io n  r e g ion, m a k in g  t h e m  like ly  h y b r id  p  & g-  

m o de  pu ls a to r s  as  we ll. For  K IC  3527751 a n d  K IC  5807616 

th is  is  n o t  e x tr e me ly  s u r p r is ing , as  the y  are  close  t o  t h e  ho t  

e nd  o f t he  g- mode  r e g ion, b u t  for  K IC  2697388 the  pre s e nce  

o f a s hor t- pe r iod p u ls a t io n  is  une x pe c te d , as  t h is  is  t h e  sec

o n d  c oole s t  s dB s t a r  in  t he  s a mple . T he  fir s t  a s te ros e is mic 

r e s ult  ba s e d o n  one  o f the  s ta r s  in  P a p e r  I I I  is  pre s e nte d in  

P a p e r  IV ,  a n d  als o re pr e s e nts  t h e  fir s t  s ucce s s ful m o d e lin g  

o f a V1 0 9 3 H e r  s ta r , le a d in g  t h r o u g h  g- mode  s e is mology to  

the  d e t e r m in a t io n  o f t he  s t r u c t u r a l a nd  core  pa r a m e te r s  o f 

K P D  1943+ 4058.

T he  tw o V1 0 9 3 H e r  s tar s , KIC 2991403 a n d  KIC11179657, 

w h ic h  c le ar ly  s how a b in a r y  p e r io d  in  a d d it io n  t o  the ir  

V10 9 3  He r  t y pe  p u ls a t io n  s pe c tr a  are  t h e  s ub je c t  o f P a p e r  V.

In  T a ble  4 we  lis t  s ome  ge ne ra l de ta ils  fr o m  th e  fre 

que nc y  a na lys is  o f the s e  pu ls a to r s , t og e the r  w it h  the  ph y s 

ic a l pa r a m e te r s  de r ive d fr o m  o u r  s pe c tr os c opy. In  a d d it io n  

t o  t h e  n u m b e r  o f s ig nific a n t  p u ls a t io n  mode s , t h e  m in im u m  

a n d  m a x im u m  p u ls a t io n  fr e que nc y  a n d  the  o r b it a l pe r io d, 

we als o p r o v ide  t h e  powe r - we ighte d m e a n  fr e que nc y, / med- 

T he  fr e que nc y  r a ng e  a nd  / mea are  p lo t t e d  as  a fu n c t io n  of 

e ffe ctive  t e m p e r a tu r e  a n d  g r a v ity  in  F ig . 5. Ro u g h ly  line a r , 

de c r e a s ing t r e nds  are  e v ide n t  in  p u ls a t io n  p e r io d  as  a fu nc 

t io n  o f b o t h  Teg a nd  log g, b u t  no te  t h a t  T eg  a n d  log g  are  

h ig h ly  c or r e la te d  a lo ng  t h e  E H B  (see F ig . 3). T he s e  e ight  

s tar s  a ll s how p u ls a t io ns  d o w n  to  t h e  s ignific a nc e  lim it  in  

t he ir  FT s , w h ic h  m e a ns  t h a t  mo r e  fr e que nc ie s  are  like ly  to  

be  dis cove r e d in  longe r  time- se rie s . A ll are  s c he dule d for  

thr e e  c ons e c ut ive  m o n th s  o f s hor t- cade nce  obs e r va t ions  in

5 10 15 20 25 30

T ime  [ RH JD +  55000]

F ig u r e  6 . T h e  t r a n s ie n t ,  p u ls a t io n  s e e n  in  KIC 2 9 9 1 2 7 6 . T h e  a m 

p l it u d e  ( u p p e r  p a n e l)  a n d  p h a s e  ( lo w e r  p a n e l)  a r e  s h o w n  fo r  17  

r o u g h ly  1 .7 - d a y  c h u n k s  o f  d a t a .  T h e  lin e  in  t h e  u p p e r  p a n e l in d i 

c a t e s  t h e  a v e r a g e  o f  t h e  F T  n o is e  le v e ls  in  t h e  c h u n k s .

Q5 , a n d  w ill be  fo llowe d clos e ly ove r  t he  fu ll le n g th  o f the  

K e p le r  M is s io n . We  de fe r  t h e  re ade rs  to  t h e  p a r t ic u la r  s t u d 

ies  o n  the s e  obje c ts  for  fu r th e r  de ta ils  o n  t he ir  de ta ile d  as 

te r os e is mic  pr ope r t ie s .

4 .5  T r a n s ie n t  p u ls a t io n s

T he  F T  o f K IC  2991276 s hows  a p e a k  a t  8201.1 /u.Hz w it h  a n  

a m p lit u d e  o f 0 .0 6 %, w h ic h  is  mor e  t h a n  10cr. A t  fir s t  we 

d id  n o t  re cognis e  t h is  as  a c le ar  pu ls a to r , as  a ll o the r  pe a ks  

w it h  s im ila r ly  low  a m p lit u d e s  in  the  F T  are  a s s oc ia te d  w it h
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k n o w n  a r te fa c ts . Howe ve r , no  o the r  s tar s  s how  a r te fa c ts  a t  

t h is  fre que nc y, a n d  s ince  KIC 2991276 was  obs e r ve d d u r in g  

the  Q2 .1  r u n , a ll a r te fa c ts  in c lu d in g  th e  one  o f u n k n o w n  

o r ig in  a t  7865 /u.Hz are  double - pe a ke d (see Se c t ion 4 .2), a nd  

the  8201.1 /l iH z p e a k  is  no t .

We  e x a m in e d  th e  v a r ia b ility  o f t h e  a m p lit u d e  a n d  phas e  

o f t h is  s ig na l by  d iv id in g  th e  one - m onth lig h t  c ur ve  in to  17 

c hunks  a n d  fit t in g  the  a m p lit u d e  a nd  pha s e  o f t he  fr e que nc y  

d e te r m in e d  fr o m  th e  c o m ple te  d a t a  se t. As  F ig . 6  s hows , the  

a m p lit u d e  o f t he  s ig na l de cre as e d m o n o to n ic a lly  ove r  the  

t ime - s pa n o f t he  obs e r va t ions , whe r e a s  t h e  pha s e  r e m a ine d  

c o ns ta n t  w it h in  the  e r rors . T h is  a rgue s  a ga ins t  a b e a t in g  

p h e no m e n o n  as  t he  pha s e  w o u ld  be  e x pe c te d  t o  va r y  w he n  

the  a m p lit u d e  a ppr oa c he d zero.

A t  P  =  122 s t h e  t r ue  a m p lit u d e  is  s u b s t a n t ia lly  s me a re d 

d u r in g  t he  58.8 s in te g r a t io n  cycle . T he  s m e a r ing  fac tor  

is  g ive n by  s in(;c )/ ;c , whe r e  x  =  T rAtexp/ P  (Kawa.le r  e t  al. 

1994). In  ou r  case  t he  F T  re cove rs  ^ 6 6 % o f t h e  t r ue  a m p li

t ude . B u t  t h e  c o n t a m in a t io n  o f t h is  K p  =  17.4 m a g  s t a r  fr om  

tw o s tar s  loc a te d  e ig ht  a rcs e conds  t o  t h e  n o r t h  (A 'p = 1 3 .8  

a n d  14.2) is  s u b s t a n t ia l. In  t he  K IC  F cont is  g ive n as  0.971, 

b u t  as  d is cus s e d a bove  th is  is  m o s t  like ly  ove r e s t ima te d, 

s ince  t h e  K IC  doe s  no t  ha ve  t he  r ig h t  flux  d is t r ib u t io n  for  

UV- exces s  s tar s . Ne ve r the le s s , w he n  t he  c o n t a m in a t io n  a nd  

s m e a r ing  are  a c c ounte d  for , the  p u ls a t io n  a m p lit u d e  in  the  

b e g in n in g  o f t h e  r u n  m u s t  be  s e ve ra l pe rc e nt .

K IC  2991276 is  a n o r m a l He - poor  s dB s t a r  w it h  a t e m 

p e r a tur e  a r o u n d  33 900 K  a nd  log g =  5.8, w h ic h  plac e s  it  

r ig h t  in  the  m id d le  o f t he  in s t a b ilit y  r e gion. Sta r s  in  t h is  re 

g ion  o f the  in s t a b ilit y  s t r ip  o fte n s how va r ia ble  a m p litu d e s  

a n d  in  r are  occ as ions  t r a ns ie n t  p u ls a t io n  pe a ks  (Kilke n ny  

2010). A  h ig h  a m p lit u d e  m o d e  a t  122 s is  n o t  un h e a r d  of, 

a n d  q u it e  c o m pa r a b le  t o  the  m a in  m o d e  in  Q Q  V ir  (S ilv o t t i 

e t  al. 2002). Sing le  m o de  puls a to r s  are  a ls o no t  u n h e a r d  of 

in  t h is  t e m p e r a tu r e  r e gion. LS  Dr a  was  obs e rve d t o  ha ve  a 

s ingle  p u ls a t io n  m o de  w it h  a p e r io d  o f 139 s by  0 s t e n s e n  

e t  al. (2 001 a), a n d  c on fir m e d  to  be  mo no- pe r iodic  by  Re e d 

e t  a l. (2006), b u t  w it h  a h ig h ly  va r ia ble  a m p lit u d e  c ha ng 

in g  fr om  a m a x im u m  o f 0 .52 6% to  a m in im u m  o f 0.087%) 

ove r  t he ir  c a m p a ig n  s p a n n in g  47 da ys . W h e t h e r  s uc h a m 

p lit u d e  v a r ia b ility  is  du e  t o  t h e  b e a t in g  o f e x tr e me ly  clos e ly 

s pa ce d mode s , or  du e  t o  t r ue  in tr in s ic  a m p lit u d e  v a r ia b ilit y  

r e quir e s  s us t a in e d  obs e r va t ions  ove r  a m u c h  longe r  pe r iod. 

T he  K e p le r M is s io n  is  t he  id e a l t o o l for  a c c o m plis h ing  th is .

4 .6  B in a r ie s  a n d  lo n g - p e r io d  v a r ia b le s

Five  s ta r s  in  o u r  s a m ple  s how c le ar  long- pe r iod v a r ia b ilit y  

t h a t  we  ha ve  id e n t ifie d  as  b in a r y  in  o r ig in. In  a d d it io n  to  

the  thr e e  s dBs  no te d  as  pu ls a to r s  in  the  pr e vious  s e c tion, 

tw o non- puls a to r s  are  c le ar ly  ide nt ifie d . F ive  fu r th e r  s dBs  

s how v a r ia b ility  t h a t  is  un lik e ly  t o  be  in tr in s ic  p u ls a t io ns  

in  t h e  h o t  s ubd w a r f, a n d  the  s d O + F / G  b in a r y  s hows  ve ry 

low- leve l va r ia t io ns  a t  b o t h  s hor t  a nd  lo ng  pe r iods . We  have  

als o no te d  fo ur  va r ia ble  s ys te ms  w it h  w h ite  d w a r f p r im a r ie s  

(see T a ble  6 ). No te  t h a t  t he  a m p lit u d e  leve ls  are  o n ly  g ive n 

as  a n  in d ic a t io n  o f t he  s ignific a nc e  o f the  va r ia bility . T he y  

re pr e s e nt  t h e  p e a k  Four ie r  a m p lit u d e  o f t he  r a w  lig h t  curve s , 

a n d  are  a ffe c te d by  c o n t a m in a t io n  fr om  ne a r b y  s tar s , w h ic h  

m a y  als o be  t h e  s ource  o f the  v a r ia b ility  in  s ome  cases.

T he  m o s t  s pe c ta c ula r  b in a r y  s t a r  in  the  s a m ple  is  

c le ar ly  K P D  1946+ 4340. T h is  s t a r  was  k no w n  to  be  a n

1 .0 0 0
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K P D  1946+ 4340 j j .

0.995

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

<U 0.9 00
I I I 11 I I I I I I I I I I I I I I I I I 11 I 11 I I I I I I I I I I I I

0.975

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

Phas e

F ig u r e  7 . T h r e e  b in a r y  s d B  s t a r s .  T h e  lig h t  c u r v e s  h a v e  b e e n  

fo ld e d  o n  t h e  o r b it a l  p e r io d  (P  =  0 .4 0 4  d ,  0 .1 2 6  d  a n d  0 .2 9  d  r e 

s p e c t iv e ly ,  t o p  t o  b o t t o m ) ,  a n d  a v e r a g e d  in t o  5 0 0  b in s .  T w o  c y c le s  

o f  t h e  o r b it a l  v a r ia t io n  a r e  s h o w n .
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T ime  [ RH JD+  55064]

F i g u r e  8 .  T h e  l ig h t  c u r v e  o f  J1 9 1 6 2 + 4 7 4 9 , a  s t r o n g  s d B + F  

c o m p o s it e .  E a c h  p o in t  r e p r e s e n t s  a n  a v e r a g e  o f  2 0  K e p le r  s h o r t -  

c a d e n c e  o b s e r v a t io n s  t o  r e d u c e  t h e  n o is e . T h e  v a r ia b ili t y  m o s t  

lik e ly  c o m e s  f r o m  t h e  F  s t a r .

s d B + W D  b in a r y  s ys te m fr o m  the  RV  s tud y  o f Morale s -  

Ru e d a  e t  al. (2003), w it h  a p e r io d  o f 0.4037 d  a n d  a n  RV  

a m p lit u d e  o f 167 k m / s . T he  K e p le r  lig h t  c ur ve  fo lde d o n  the  

o r b it a l p e r io d  (see t o p  p a n e l o f F ig . 7) re ve als  t h a t  t he  o b 

je c t  is  c le ar ly  e c lips ing , a n d  s hows  a s u b s t a n t ia l e llip s o id a l 

d e fo r m a t io n  s upe r im pos e d  o n  a r e la t ivis t ic  b e a m in g  e ffect. 

A  de ta ile d  s tud y  o f t h is  s ys te m is  g ive n by  Blo e m e n  e t  al. 

(2 0 1 0 ), w h ic h  pre s e nts  for  t h e  fir s t  t im e  a c o m pa r is o n  b e 

tw e e n a r a d ia l ve loc ity  a m p lit u d e  as  d e te r m in e d  fr om  s pe c 

t r os c opy  w it h  one  d e te r m in e d  fr o m  p h o to m e t r ic  r e la t ivis t ic  

e ffects .

T he  s ys te m 2M1 93 8 + 4 6 03  s hows  a  lig h t  c ur ve  s im ila r  t o  

t h e  H W  V ir  s ys te ms , e xc e pt t h a t  t h e  e clipse s  are  m u c h  mor e  

s ha llow , in d ic a t in g  t h a t  t he y  are  o n ly  g r a zing  (F ig . 7, m id 

d le  pa ne l). T h is  s ys te m was  id e nt ifie d  in  2008 d u r in g  follow-
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T a b le  6 . B in a r ie s  a n d  o t h e r  lo n g - p e r io d  v a r ia b le s .

N a m e P e r io d

d a y s

A m p .

%

G la s s M a in

v a r ia b ilit y

K P D  1 9 4 6 + 4 3 4 0 0 .4 0 4 0 .5 s d B + W D E c lip s e s

K B S  13 0 .2 9 2 .5 s d B + d M Re fl.  e ffe c t

J1 9 1 3 5 + 4 3 0 2 4 .2 4 0 .3 s d B + ? U  n k n o w n

J 1 8 4 2 7 + 4 4 0 4 1 .1 2 1 .5 s d B + ? U  n k n o w n

J1 9 4 0 5 + 4 8 2 7 ~ 1 0 .1 s d B + F U  n k n o w n

B D  + 4 2 °  3 2 5 0 1 .0 9 0 .0 3 s d B ? U  n k n o w n

J1 9 1 6 2 + 4 7 4 9 1 .9 0 .9 s d B + F C o m p a n io n

J1 9 0 0 0 + 4 6 4 0 ~ 2 0 .1 s d O + F / G C o m p a n io n

J1 8 5 6 1 + 4 5 3 7 0 .1 7 20 D A + d M C V

J1 9 2 4 1 + 4 4 5 9 0 .1 2 20 D A + d M c v
J1 9 1 9 3 + 5 0 4 4 3 .6 7 4 0 D A + d M e F la r e s

J1 9 1 9 5 + 4 4 4 5 1 .1 2 0 .0 5 P N N U  n k n o w n

1.002 

1.000

0.998

 ̂ 1.020 
3

g 1.010

|  1.000

i  0.990

£ 0.980 

|  1 .0 0 1
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Phas e

F ig u r e  9 . T h r e e  o b je c t s  s h o w in g  lo w - le ve l v a r ia b ili t y  w it h  r e g u 

la r  a m p li t u d e  t h r o u g h o u t  t h e  K e p le r  r u n .  T h e  lig h t  c u r v e s  w e r e  

fo ld e d  o n  t h e  m a in  p e r io d  ( P  =  4 .2 4  d ,  1 .1 1 6  d ,  a n d  1 .1 1 9  d  r e s p e c 

t iv e ly )  a n d  b in n e d  in t o  1 0 0  b in s  t o  r e d u c e  t h e  n o is e . T h e  v a r ia t io n  

is  e it h e r  in t r in s ic  t o  a  c o m p a n io n  o r  a  c o n t a m in a t in g  f ie ld  s t a r ,  

o r  a n  o r b it a l  v a r ia t io n .

u p  s tudie s  o f h o t  s ubd w a r fs  fr om  the  2 MASS c a ta lo gue , a nd  

a fir s t  a na lys is  o f t he  K e p le r  d a t a  tog e the r  w it h  e x te ns ive  

gr ound- ba s e d p h o t o m e t r y  a nd  s pe c tr os c opy  are  p r o v id e d  in  

0 s t e n s e n  e t  a l. (2 010 b). T he  r e fle c t ion b in a r y  K B S  13 (b o t 

t o m  p a ne l in  F ig . 7) ha s  a ls o be e n k n o w n  for  s ome  t im e  

a lr e a dy, a n d  de ta ils  o n  the  s ys te m were  p ub lis h e d  by  For  

e t  al. (2008). W it h  a n  RV  a m p lit u d e  o f o n ly  2 2 .8 k m / s , the  

in c lin a t io n  a ngle  m us t  be  q u it e  low  unle s s  the  s e c onda r y  is  

s ubs te lla r .

T he  lig h t  c ur ve  o f J1 9 162 + 47 49 (F ig . 8 ) re ve als  s ub 

s t a n t ia l long- pe r iod v a r ia b ility , b u t  the  a m p lit u d e  o f the  

~ 1.9- d p e r io d  is  c le ar ly  no t  c on s ta n t . T he  s p e c t r um  is  c o m 

pos it e  w it h  r o ug h ly  h a lf the  o p t ic a l c o n t r ib u t io n  c o m in g  

fr om  a n  F- sta.r c o m p a n io n . T he  t a r ge t  ha s  a vis ib le  c o m 

p a n io n  five  a.rcsec t o  t h e  e as t , b u t  t h is  s t a r  doe s  n o t  c o n 
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T ime  [ RH JD +  54953]

F ig u r e  1 0 . T h e  lig h t  c u r v e  o f  B D  + 4 2  3 2 5 0  s h o w s  e x t r e m e ly  lo w  

a m p lit u d e  v a r ia b ili t y  w it h  p e r io d s  o f  a r o u n d  o n e  d a y . 2 0  K e p le r  

s h o r t .- c a d e n c e  o b s e r v a t io n s  w e r e  a v e r a g e d  fo r  e a c h  p o in t  in  t h e  

fig u r e .

t r ib u t e  mo r e  t h a n  ^ 1 0  pe r  c e nt  o f t h e  lig h t , a n d  c a n n o t  be  

t he  caus e  o f the  s t r ong  c o n t a m in a t io n  s ee n in  t he  s p e c tr um , 

so t he  s ys te m is  m o s t  like ly  a n  unr e s o lve d b in a r y  w it h  a n  

e a r ly  F  c o m p a n io n . T he  p u ls a t io ns  c o u ld  be  fr o m  th e  F  s ta r , 

in  w h ic h  case  it  w o uld  be  o f t he  7  Do r a d u s  c las s , b u t  th e y  

are  s uffic ie nt ly  low- leve l t h a t  t he y  c o u ld  a ls o be  in tr in s ic  to  

t h e  c o n t a m in a t in g  s ta r . If  the y  were  fr om  the  F  s ta r , th is  

w o uld  be  t h e  fir s t  s dB s t a r  fo un d  to  ha ve  a p u ls a t in g  close  

c o m p a n io n . Aft e r  c o n c lud in g  t h a t  the r e  is  no  s hor t- pe r iod 

v a r ia b ility  in  t h is  s ys te m, we  ha ve  s u b m it t e d  t h e  ob je c t  for  

fu r th e r  long- cade nce  K e p le r  pho to m e t r y . If  7  Do r a d u s  p u l 

s a t ions  are  c on fir m e d  in  t h e  F  c o m p a n io n  o f the  s dB s ta r , 

a s te r os e is mology ba s e d o n  five  ye ars  o f long- cade nce  K e p le r  

obs e r va t ions  m ig h t  s he d lig h t  o n  the  mas s  t r a ns fe r  phas e  

whe r e  t h e  ma in- s e que nc e  s t a r  m o s t  like ly  re ce ive d m o s t  o f 

t he  e nve lope  fr om  t h e  s dB p r o g e n ito r  as  it  a s c e nde d the  

R G B .

T w o  mor e  s dBs  s how s low a m p lit u d e  m o d u la t io n  t h a t  

m ig h t  in d ic a t e  a b in a r y  n a tu r e , as  lis t e d  in  T a ble  6 . T he  

c le are s t  o f the s e  is  J1 8 4 27 + 44 0 4 w it h  a n  a m p lit u d e  of 

~ 1 .5 %  (m id d le  p a ne l o f F ig . 9). T h is  s t a r  is  no t  lo c a te d  

in  a ve r y c r ow de d fie ld, b u t  c o n t a m in a t io n  c a n n o t  be  c o m 

p le te ly  r u le d  o u t , so a s pe c tr os c opic  series  t o  de te r m ine  its  

r a d ia l ve loc ity  v a r ia t io n  is  r e qu ir e d  t o  fir m ly  e s t a blis h  its  

b in a r y  na tu r e . T he r e  are  w e ak line s  in  t h e  s p e c t r um  o f th is  

s t a r  t h a t  m a y  be  in d ic a t io n  o f a n  F / G / K  ma in- s e que nc e  

c o m p a n io n , b u t  t h is  w o uld  be  u n u s u a l as  s uc h  bina r ie s  ha ve  

ne ve r  be e n s ee n to  ha ve  s hor t  o r bits . T he  1.12- d p e r io d  ha s  

a c o ns ta n t  a m p lit u d e  t h r o u g h o u t  t he  K e p le r  r u n , a nd  fo ld 

in g  t h e  lig h t  c ur ve  o n  th is  p e r io d  re ve als  t h a t  t h e  lig h t  c ur ve  

is  no t  e nt ir e ly  s y m m e t r ic , w h ic h  in d ic a t e s  e ithe r  a s lig h t ly  

e llip t ic  o r b it , or  s ome  k in d  o f low le ve l p u ls a t io n  fr o m  a 

ma in- s e que nc e  c o n t a m in a t in g  s ta r . T he  s a me  is  t h e  case  for  

J19 1 35 + 43 02 (up p e r  p a ne l o f F ig . 9) w h ic h  s hows  a n  e ve n 

mor e  a s y m m e t r ic  c yclic  v a r ia t io n , w it h  a p e r io d  o f 4 .24 d.

T he  s dB s t a r  J1 9 4 05 + 48 2 7 s hows  ir r e gu la r  va r ia t io ns  

w it h  m a n y  diffe r e nt  pe r io ds  longe r  t h a n  h a lf a day. T h is  s ta r  

is  a ls o a s t r ong  c om pos ite , so the  v a r ia b ility  c o u ld  c ome  fr om  

the  c o m p a n io n  s ta r , pos s ib ly  fr om  s ta r s po ts . Long- c ade nc e  

d a t a  w ill be  s u it a b le  t o  s t ud y  th e  n a tu r e  o f the s e  va r ia t io ns .

T he  s a me  c onc e r ns  a b o u t  c o n t a m in a t io n  a p p ly  t o  a n  

e ve n h ig he r  de gre e  for  t he  lowe r  a m p lit u d e  s ys te ms  w it h  

pos s ib le  b in a r y  pe r iods  a r o u n d  one  day. T he  m o s t  un-
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F ig u r e  1 1 . H ig h  a m p li t u d e  v a r ia b le  c o m p a c t  o b je c t s  in  b in a r y  s y s t e m s .

t  i i I | i i i I | i i i I | i i i I | i i i I | i r

J19241+ 4459, T0 = 55033 -
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like ly  t o  s uffe r  c o n t a m in a t io n  w o uld  be  t h e  b r ig h t  s u b d w a r f 

B D + 4 2 “ 3250 (F ig . 10), as  its  c o n t a m in a t io n  fa c to r  is  on ly  

0.003. Howe ve r , t he  a m p lit u d e  o f 300 p p m  is  so low t h a t  

a ve ry  s u b s t a n t ia l p u ls a t io n  a m p lit u d e  in  one  o f t h e  fa in t  

ne ig hbo r s  c a n  be  invoke d to  e x p la in  t h e  obs e rve d m o d u la 

t io n . Howe ve r , B D  + 4 2 “ 3250 is  n o t  a r e g ula r  E H B  s t a r  as  e v 

ide nc e d b y  it s  low  s ur fac e  g r a v ity  (log g =  5 .1). T h is  plac e s  it  

in  a s pars e ly p o p u la t e d  lo c a t io n  in  the  T es ,\ ogg  p la ne , we ll 

a bove  th e  c a n o n ic a l E H B . P os t- EHB tr a c ks  for  s he ll- bur ning  

s tar s  o n ly  re a ch s uc h low gr a v it ie s  w he n  th e  t e m p e r a tu r e  

exceeds  32 000 K  a nd  p o s t - RGB tr a c ks  r e quir e  a c o m p a n 

io n  in  o r de r  t o  bypa s s  t h e  h o r izo n ta l b r a n c h  s tage . M o d 

e ls  o f he lium- cor e  w h ite  d w a r f me rge r s  a ls o pa s s  t h r o u g h  

th e  h o t t e r  p a r t s  o f t h e  Teg / lo g  g  p la n e  be fore  r e a c h ing  the  

E H B , b u t  u n lik e  B D + 4 2 3 2 5 0 ,  the s e  me r ge r  p r o d uc t s  are  

e x pe c te d  t o  d is p la y  e nha nc e d  a tm os phe r ic  h e liu m  a t  le as t 

u n t il the y  s e t t le  o n  t h e  E H B . Since  B D  + 4 2 “ 3250 is  s uc h a n  

e n ig m a t ic  ob je c t , t h e  low- leve l v a r ia b ility  s ee n in  th e  K e p le r  

p h o t o m e t r y  is  w o r th  fu r th e r  s tudy .

T he  s d O + F / G  b in a r y  J19 1 00 + 4 6 40  ( k i c  9822180) is  a  

pe c ulia r  case , w it h  s ig nific a n t  va r ia t io ns  o n  lo ng  t ime - scale s , 

a n d  a s ingle  p e a k  a t  7444.2 /u.Hz. T he  long- pe r iod va r ia t io ns  

are  q u it e  ir r e gula r , mo r e  like  r a p id ly  c h a n g in g  s ta r s po t s  t h a n  

ha r m o n ic  pu ls a t io ns , a n d  are  like ly  t o  o r ig in a te  fr om  the  

c o m p a n io n  or  a c o n t a m in a t in g  s ta r . T he  7444.2- /u.Hz pe a k  

is  o n ly  a t  4.7cr, b u t  a ppe a r s  t o  be  s ig nific a n t . We  fir s t  s us 

pe c te d  t h a t  it  m ig h t  be  a n  h it h e r t o  und e s c r ibe d  in s t r u m e n 

t a l a r te fa c t  s ince  one  o t he r  s t a r  in  T a ble  5 a ls o s hows  its  

s t r onge s t  h igh- fre que nc y  p e a k  a t  7 4 4 5 /u.Hz (b u t  be low  4a ) ,  

a n d  t he  D A + d M e  s t a r  (Se c t io n 4 .8, be low ) s hows  it  a t  5.8cr.

Howe ve r , un lik e  thos e  tw o W D s  K IC  9822180 was  obs e rve d 

d u r in g  Q2 .1 , a n d  a ll t h e  a r te fa c ts  a s s oc ia te d  w it h  t h e  r e a d 

o u t  cycle s  are  double - pe a ke d, as  dis cus s e d in  Se c t ion 4.2. 

T he  7444.2- /u.Hz pe a k  is  s ingle - pe ake d a n d  is  the re for e  ve ry 

like ly  t o  o r ig in a t e  fr om  the  ta r ge t .

4 .7  C a t a c ly s m ic  v a r ia b le s

T he  lig h t  c ur ve s  o f t he  tw o ob je c t s  id e nt ifie d  as  CVs  fr o m 

the  s pe c tr os c opy  (F ig . 2) b o t h  s how s u b s t a n t ia l leve ls  o f 

a c t iv it y  (to p  tw o pa ne ls  o f F ig . 11). J1 8 56 1 + 4 5 37  s hows  

a lig h t  c ur ve  d o m in a t e d  by  long- te r m va r ia t io ns . S u p e r im 

pos e d o n  the s e  t r e nds  is  a r e g ula r  o s c illa t io n  w it h  a p e r io d  of 

0.166 d  w it h  a p e c ulia r  s a w to o th  s ha pe . We  in te r p r e t  t h is  as 

t he  o r b it a l p e r io d  s ince  it  is  ty p ic a l for  nova- like  var iable s , 

whe r e a s  h a lf o f t h a t  p e r io d  w o uld  be  e x c e p t iona lly  s hor t. 

In  fa c t , J18 5 61 + 4 5 37  is  r e m a r k a b ly  s im ila r  in  te r m s  o f its  

s pe c tr um , o r b it a l p e r io d , a nd  lo w - a m plitud e  o r b it a l m o d u la 

t io n  to  a n u m b e r  o f k n o w n  nova like  va r ia ble s  (Aung w e r o jw it  

e t  al. 2005). As  t h e  s p e c t r um  is  d is c - dom ina te d, t h e  large  

v a r ia b ility  s ee n in  the  lig h t  c ur ve  b o t h  o n  s hor t  a nd  long  

time - s cales  m us t  o r ig in a te  fr om  t h e  dis c  or  t he  b r ig h t  s po t  

whe r e  t h e  gas  s t r e a m  h it s  t h e  dis c . T he  lo ng  p e r io d  c ou ld  

be  a s c r ibe d to  pr e c e s s iona l be h a v io u r  o f the  o u te r  dis c , b u t  

c o u ld  a ls o be  du e  t o  va r ia t io ns  in  t h e  mas s - t rans fe r  ra te . 

Howe ve r , du e  t o  t h e  s t r ong  s im ila r it y  be tw e e n cycle s , the  

la t t e r  is  less like ly. On e  c a n  a ls o c le ar ly  d is t in g u is h  a m o d 

u la t io n  o f t h e  o r b it a l s ig na l w it h  t he  long- pe r iod va r ia t io n , 

w h ic h  is  c ons is te nt  w it h  pre c e s s iona l b e h a v io u r  c h a n g in g  the  

vie w ing  a ngle  a nd  the r e for e  the  p r o je c te d  br igh tne s s  o f the
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F ig u r e  1 2 . S p e c t r a l e n e r g y  d is t r ib u t io n  fo r  J1 9 1 9 3 + 5 0 4 4 . T h e  W H T / lS IS  s p e c t r a  f r o m  t h e  b lu e  a n d  r e d  a r m  a r e  s h o w n  a s  b lu e  a n d  r e d  

c u r v e s ,  a n d  t h e  2 MASS J H K  flu x e s  a r e  in d ic a t e d  b y  t r ia n g le s .  T h e  lo w e r  c u r v e s  s h o w  m o d e l s p e c t r a  fo r  a  2 0  0 0 0  K  D A  w h it e  d w a r f  ( lig h t  

b lu e ) ,  a n d  a n  M 3  r e d  d w a r f  ( b r o w n ) .

h o t  s po t . T ime - re s olve d s pe c tr os c opy  a nd  Do p p le r  to m o g r a 

p h y  ha ve  the  p o t e n t ia l t o  m a p  the  s t r uc tur e  o f the  dis c , a nd  

th e  pre c e s s iona l cycle  w ill p e r m it  s e ve ral v ie w ing  angle s  o f 

th e  s ys te m t h a t  c o u ld  re ve al in te r e s t ing  de ta ils  o n  a c c r e t ion 

dis c  phys ics .

T he  s e cond ob je c t , J19 2 41 + 44 5 9, is  a nova- like  C V  of 

th e  U X U M a  class  in  or  ne a r  t h e  p e r io d  ga p , a nd  it  m a y  be  

a ne w  m e m b e r  o f t h e  r a p id ly  gr ow ing  s ubclas s  o f S W  Se x 

s ys te ms  (W illia m s  e t  a l. 2010). T he  F T  is  d o m in a t e d  by  the  

p e r io d  a t  0 . 1 2 2  d , in te r p r e te d  as  t h e  o r b it a l p e r io d , a n d  its  

ha r m o nic s .

A t  le as t  e le ve n c a ta c lys m ic  va r ia ble s  are  k no w n  to  have  

p u ls a t in g  p r im a r ie s  o f t h e  ZZ Ce t i t y pe  (Szkod y  e t  a l. 2009). 

Howe ve r , ne ithe r  o f o u r  CVs  s hows  a ny  c le ar  s igns  o f s uc h 

pu ls a t io ns . B u t  in  b o t h  s ys te ms  the  dis c  is  ve ry b r ig h t , a nd  

th e  W D  m o s t  like ly  c o n t r ib u te s  no  mo r e  t h a n  ~ 1  pe r  c e nt  

o f t h e  flux . A ll Z Z C e t i pu ls a to r s  in  CVs  de te c te d  t o  d a te  

ha ve  be e n fo un d  in  low mas s  t r a ns fe r  s ys te ms , a n d  t he  W D s  

in  nova- like  va r ia ble s  are  us ua lly  t o o  h o t  for  Z Z C e t i ty pe  

pu ls a t io ns . Howe ve r , w it h  t h e  unp r e c e d e nte d  pr e c is ion  of 

s us t a in e d  K e p le r  p h o to m e t r y , p u ls a t io ns  m ig h t  s t ill be  de 

te c te d . No te  a ls o t h a t  Szk o dy  e t  al. (2010) ha ve  r e ce nt ly  es 

t a b lis h e d  t h a t  t he  in s t a b ilit y  s t r ip  for  D A  pu ls a to r s  in  CVs  

e x te nds  t o  15 000 K , s u b s t a n t ia lly  h o t t e r  t h a n  for  no r m a l 

s ing le  ZZ Ce t i s tar s .

4 .8  A  D A  w it h  a  f la r in g  c o m p a n io n

T he  lig h t  c ur ve  s h ow n in  t h e  b o t t o m  p a ne l o f F ig . 11 is  

d o m in a t e d  by  b r ie f flare s , t y p ic a l for  a c hr om os phe r ic a lly  

a c t ive  M- dw a r f s ta r . W h ile  o u r  o r ig in a l s pe c tr os c opic  c las 

s ific a t io n ba s e d o n  t h e  IS IS  b lue  a r m  s p e c t r um  s hows  the  

b r o a d  a b s o r p t io n  fe a tur e s  o f a s ingle  D A  w h ite  dw a r f, e x 

t r a c t in g  t he  r e d- ar m s p e c t r um  c le ar ly  re ve als  t he  s ig na tu r e  

a b s o r p t io n  b a n d s  o f a r e d dw a r f, a n d  w it h  t he  s ha r p  H a  

e mis s ion fe a tur e  t h a t  us ua lly  in d ic a t e s  c hr om os phe r ic  a c t iv 

ity. T he  s inus o ida l m o d u la t io n  w it h  a p e r io d  o f 3.655 d  a n d  

a n  a m p lit u d e  o f ~ 1 .1 % c o u ld  we ll be  the  o r b it a l pe r io d , b u t  

it  m ig h t  a ls o be  t h e  r o t a t io n  p e r io d  o f t he  M- dw ar f, as  s po ts  

are  e x pe c te d  t o  be  a s s oc ia te d w it h  t h e  flare s .

Inte r e s t ing ly , a fte r  c le a n ing  o u t  t h e  3.655- d p e r io d  a nd  

it s  h a r m o n ic , a n d  s igm a  filt e r ing  t h e  de t r e nde d lig h t  c ur ve  to  

re move  m o s t  o f t h e  flare s , we we re  a ble  t o  r e duce  t h e  m e a n  

nois e  le ve l in  the  F T  to  29 p p m . A  p e a k  a t  5016.7 /u.Hz is  t h e n  

fo un d  a t  7.1 t im e s  t h e  nois e  le ve l. T h is  p e a k  r e m a ins  s ig nifi

c a n t  if  t h e  d a t a  is  s p lit  in to  tw o ha lve s , a n d  proce s s e d in d e 

pe nd e n t ly . A  s e c ond p e a k  is  a ls o fo un d  a t  7444.9 /u.Hz a t  5.8 

t im e s  t h e  nois e  le ve l. T hus , the  W D  p r im a r y  in  K IC  12156549 

m ig h t  be  a low  le ve l pu ls a to r .

A  c a lib r a te d  ve rs ion o f t h e  WH T / IS IS  blue + r e d - a r m 

s p e c t r um  is  s ho w n in  F ig . 12 tog e the r  w it h  t h e  2 MASS 

IR  m a g n itu d e s  (J  =  12 .950± 0.026, H  =  12.442± 0.030, 

K  =  1 2 .1 41± 0 .0 20), a n d  th e  m o d e l s p e c t r um  o f a D A  w h ite  

dw a r f w it h  a n  e ffe ctive  t e m p e r a tu r e  o f ^ 2 0  000 K  a nd  a n  

M3  s e c ondar y. T he  JH K  c olour s  c a n  a ls o be  us e d d ir e c t ly  to  

e s t im a te  t he  s pe c tr a l t y pe  for  t he  c o m p a n io n , s ince  t h e  W D  

c o n t r ib u t io n  is  ve ry low in  the  IR .  Fo llow ing  H o a r d  e t  al.

(2007) we  fin d  t h a t  a  s p e c tr a l t y pe  o f M4  give s  t h e  be s t  

m a tc h , b u t  M3  w o uld  r e quir e  o n ly  a r e d uc t io n  in  H —K  o f

0 .0 2 , w h ic h  is  r e a s onable  c ons ide r ing  t he  b lue  s lope  o f the  

W D  flux  see n in  F ig . 12, so we c onc lud e  t h a t  t h e  c o m p a n io n  

is  m o s t  like ly  o f c las s  m id  M3  w it h  M3 .0  t o  M4 .0  as  a 

p la us ib le  ra nge . M3  w o uld  pla c e  t h e  s ys te m a t  a d is ta nc e  

o f ^1 4 0  pc , w h ile  M4  p u t s  it  a t  ^1 0 0  pc. As s um in g  a ma s s  

o f t h e  w h ite  d w a r f o f O.6 M 0 , a n d  t a k in g  t he  B  m a g n itu d e  

t o  be  16.0, im plie s  t h a t  t h e  W D  te m p e r a tu r e  m u s t  be

©  2010 R A S ,  M N R A S  0 0 0 ,  1- 18



16 R . H. 0 s te ns e n  et al.

24 000 K  for  140 pc  a nd  18 000 K  for  100 pc. 24 000 K  is  a t  

t h e  bor de r  o f w h a t  is  a c c e pta b le  ba s e d o n  t h e  w id t h  of 

t h e  Ba lm e r  line s  in  t h e  b lue  s pe c tr um , so we  a d o p t  th is  

r a ng e  as  o u r  c ur r e nt  be s t  e s t im a te  for  the  W D  te m p e r a tur e , 

Ted =  21 000 ±  3 000 K. Giv e n  t h e  r e la t ive ly  low t e m p e r a tu r e  

o f t h e  W D ,  th e  obs e r ve d 3.65- day m o d u la t io n  is  un lik e ly  to  

be  c a us e d by  ir r a d ia t io n  effects . A  mo r e  like ly  hy pothe s is  

is  t h a t  it  is  c aus e d by  s po ts  o n  the  s ur fac e  o f t h e  M- dw ar f, 

a n d  t h a t  t h e  3.65- day p e r io d  re pr e s e nts  its  r o t a t io n  r a the r  

t h a n  t h e  o r b it a l pe r iod .

O u r  t e m p e r a tu r e  r ange  for  t h e  W D  p r im a r y  s hows  t h a t  

it  is  t o o  h o t  t o  be  a  r e g ula r  ZZ Ce t i p u ls a to r , s ince  t h a t  ty pe  

o f in s t a b ilit y  o n ly  oc c ur s  ins ide  a n  e xclus ive  s t r ip  be tw e e n 

1 1 0 0 0  a nd  12 500 K. K u r t z  e t  a l. (2008) dis cus s  c a n d id a t e  

D A  puls a to r s  r e s id ing  in  t h e  D B  ga p  be tw e e n 30 000 a nd

45 000 K , b u t  e x c ite d  by  the  s a me  m e c h a n is m  t h a t  dr ive s  

p u ls a t io ns  in  the  V7 7 7 H e r  s ta r s  (or  D B V s ). T he s e  s tar s  

w o uld  be  s t r u c tu r a lly  s im ila r  t o  the  D B  s tar s , b u t  w it h  a  t h in  

hy d r o g e n  e nve lope  m a k in g  t h e m  a ppe a r  s pe c tr os c opic a lly  as 

D A  w h ite  dw ar fs . T he  t e m pe r a tur e s  o f t he  k no w n  V7 7 7  He r  

s tar s  s p a n  the  r a ng e  be tw e e n 21 800 K  a nd  27 800 K. It  is  a n  

in t r ig u in g  pos s ib ilit y  t h a t  the  D A  p r im a r y  in  J1 9 193 + 50 44 

c o u ld  be  a  W D  t h a t  n o r m a lly  w o uld  a ppe a r  as  a  D B  s t a r  if 

n o t  for  a  t h in  hyd r o g e n  she ll. A n  e nve lope  mas s  o f be tw e e n 

1 0 - 15 -  1 0 ~ 1 6 M© is  a ll t h a t  is  r e qu ir e d  t o  ma ke  a  he lium-  

a tm os phe r e  w h ite  d w a r f a ppe a r  as  a  D A  (Ko e s te r  & Chan-  

m u g a m  1990), a n d  the  W D  in  J1 9 1 9 3 + 5 0 44  c o u ld  accre te  

s uc h a n  a m o u n t  hyd r o ge n fr om  th e  c ir c um b in a r y  e nve lope  

p r o d uc e d  by  the  fla r ing  M- dwar f.

Since  t h e  a m p lit u d e s  o f t h e  p u ls a t io n  pe a ks  fo un d  in  the  

K e p le r  p h o t o m e t r y  o f K IC  12156549 are  a t  t h e  200 p p m  le ve l, 

a  r e g ion ne ve r  be fore  e x plor e d for  w h ite  dwar fs , it  m a y  no t  

r e a lly  ma ke  sense  t o  c onfine  ours e lve s  t o  t he  r e gula r  in s t a 

b ilit y  s t r ips  for  k n o w n  classes  o f w h ite  d w a r f puls a tor s . A t  

the s e  low a m p litu d e s  we  m a y  be  s e e ing th e  s ig na tu r e  o f ex 

c ite d  p u ls a t io n  m o de s  o f I  >  2 , t h a t  are  s ub je c t  t o  s u b s t a n 

t ia l ge ome tr ic  c a nc e lla t ions . Su c h  s ta r s  m a y  be  in h a b it in g  

t e m p e r a tu r e  re gions  whe r e  p u ls a t io ns  in  t h e  r e a d ily  obs e r v 

a b le  i  =  1 , 2  m o de s  are  d a m p e d , a n d  the re for e  ou ts id e  t he  

r e gula r  in s t a b ilit y  s t r ips . Since  we are  e x p lo r ing  unc ha r te d  

t e r r ito r y  we  w ill r e fr a in fr om  fu r th e r  s p e c u la t io n  u n t il the  

ne x t  cycle  o f K e p le r  p h o t o m e t r y  c a n  c o nfir m  the  pu ls a t io ns , 

a n d  ou r  on go ing  s pe c tr os c opy  ha s  e s ta b lis he d the  o r b it  a nd  

p la c e d us e ful lim it s  o n  t he  mas s e s  o f t h e  b in a r y  c o m po ne n t s  

o f t he  s ys te m.

5 C O N C L U S IO N S

In  t h e  fir s t  fo ur  m o n th s  o f t h e  s urve y pha s e  (p lus  t e n  da ys  

o f c o m m is s io n in g ), K e p le r  ha s  obs e rve d 63 c o m pa c t  p u l 

s a to rs  c a nd id a te s  a nd  fo un d  n in e  u n a m b ig u o u s  s u b d w a r f B 

puls a tor s : s e ve n be lo n g in g  to  t h e  V1 0 9 3 H e r  c las s  (long  pe 

r io ds ), in c lu d in g  s e ve ral w it h  h y b r id  be h a v io u r , one  r a p id  

p u ls a to r  o f the  V 3 6 1 H y a  t y pe  als o s how ing  a  s ing le  long-  

p e r io d  m o de , in d ic a t in g  low- leve l h y b r id  be h a v io u r , a n d  one  

u n u s u a l h y b r id  p u ls a to r  in  a n  e c lips ing  s d B + d M  bin a r y . In 

c lu d in g  t h e  t r a ns ie n t  p u ls a to r  w it h  a  s ingle  va n is h in g  p u l 

s a t io n  m o d e  me a ns  t h a t  we  ha ve  dis cove r e d t e n  ne w  s d BV 

s tar s  in  t h e  fir s t  h a lf o f t he  K e p le r  s urve y phas e .

No  c le ar ly  p u ls a t in g  w h ite  dw a r fs  we re  de te c te d  in  th is  

p a r t  o f t he  s urve y, b u t  tw o c a n d id a t e  W D  pu ls a to r s  w it h  ex 

t r e m e ly  low a m p litu d e s  ha ve  be e n s u b m it t e d  for  fu r th e r  K e 

p le r  obs e rva t ions . Mor e  in t r ig u in g  is  t h e  like ly  d e te c t io n  of 

low  a m p lit u d e  p u ls a t io ns  t h a t  c o u ld  or ig in a t e  fr om  the  w hite  

d w a r f c o m p o n e n t  o f t h e  DA + d M e  b in a r y  J19 19 3 + 5 0 44 . Be 

in g  s u b s t a n t ia lly  h o t t e r  t h a n  t he  c las s ic Z Z C e t i in s t a b il 

it y  s t r ip , t h is  o b je c t  c e r t a in ly  m e r it s  fu r th e r  inve s t iga t ions . 

T he  D AV  c a n d id a t e  K IC  10420021 a n d  the  s d O V  c a n d id a t e  

K IC  9822180 are  b o t h  ve ry  m a r g in a l de te c t io ns , a t  ~ 4 .5 <7 , 

a n d  b o t h  r e quir e  fu r th e r  obs e r va t ions  be fore  fir m  c o nc lu 

s ions  c a n  be  ma de .

If  t h e  s ta t is t ic s  o n  t he  s d B pu ls a to r s  h o ld  u p , t h e  t o t a l 

n u m b e r  o f pu ls a to r s  a t  t h e  c o m p le t io n  o f t h e  s urve y phas e  

c o u ld  be  18. T h is  n u m b e r  is  n o t  far  fr o m  w h a t  was  e x pe c te d  

(S ilv o t t i 2004); a  n u m b e r  o f a b o u t  t e n  a n d  2 - 3  was  e x 

pe c te d  for  t he  s d B V a nd  D AV  puls a to r s  re s pe ct ive ly, w he n  

c o ns ide r ing  a  K e p le r  m a g n itu d e  lim it  o f 17.5. Howe ve r  the r e  

are  a t  le as t  tw o  diffe re nce s . T he  fir s t  be in g  t h a t  t h e  n u m 

be r  o f long- pe r iod s dB pu ls a to r s  is  h ig he r  t h a n  e x pe c te d . 

As  p o in te d  o u t  in  Se c t ion 3.2, t h is  is  du e  t o  t h e  fa c t  t h a t  

t h e  fr a c t io n  o f p u ls a t in g  s dBs  in  t he  long- pe r iod in s t a b ilit y  

s t r ip  is  fo r m a lly  100 a n d  n o t  50 pe r  c e nt , as  in  ou r  o r ig in a l 

c ons e r va t ive  e s t im a te . T he  s e c ond diffe re nc e  is  t h a t ,  c on 

t r a r y  t o  t he  e x pe c ta t ions , no  t r ue  DAVs  ha ve  be e n de te c te d  

in  t h is  h a lf o f t h e  s a mple . Du e  to  t he ir  in tr in s ic  fa intne s s , 

a ll t h e  D A  w h ite  dw ar fs  obs e rvable  w it h  K e p le r  be lo ng  to  

t h e  ga la c t ic  dis c , im p ly in g  t h a t  t h e  n u m b e r  o f DAVs  ins ide  

t h e  K e p le r  F o V is  h ig h ly  de p e n d e n t  o n  t h e  m a g n itu d e  lim it  

(w h ile  t h is  is  o n ly  m a r g in a lly  t r ue  for  s dBs  t h a t  are  m o s t ly  

ou ts id e  the  dis c  a t  t he  fa in t  e nd  o f o u r  s a m ple ). T he  n u m 

be r  o f DAVs  p o t e n t ia lly  obs e rvable  w it h  K e p le r  incre as e s  

by  a  fa c tor  fo ur  w he n  inc r e a s ing  t h e  lim it in g  m a g n itu d e  by 

one . P u s h in g  t h e  m a g n itu d e  lim it  t o  19.5 (w h ic h  w o uld  s t ill 

be  a c c e p ta b le  w it h  r e s pe ct  t o  t h e  p h o to m e t r ic  a c c ur a c y ), 

we  c o u ld  e x pe c t  a b o u t  fo r ty  DAVs  in  t h e  K e p le r  Fo V. In  

t h e  fir s t  fo ur  m o n th s , o n ly  se ve n s pe c tr os c opic a lly  c onfir m e d 

DAs  were  obs e r ve d, a n d  in  t h e  m o n th s  t h a t  r e m a in  ou r  s u r 

ve y s hows  o n ly  s ix  mor e  D As  a nd  one  s ingle  D B , le a ving  us  

c a u t io us ly  o p t im is t ic  t h a t  a t  le as t  one  W D  p u ls a to r  w ill be  

fo un d  in  t he  fina l m o n th s  o f the  s urve y phas e .

A n  une x pe c te d  r e s ult  is  t he  obs e r va t ion  t h a t  o f t he  

twe lve  s tar s  in  F ig . 3 t h a t  lie  o n  the  E H B  a t  t e m p e r a 

tur e s  a bove  28 000 K , o n ly  tw o are  c le ar ly  p u ls a t in g , a nd  

o n ly  one  o f the  r e m a in d e r  s hows  a ny  t r a c e  o f va r ia bility . We  

h a d  e x pe c te d  t h a t  t h e  ~ 1 0  pe r  c e nt  p u ls a to r  fr a c t io n  fo un d  

in  g r ound- ba s e d s urve ys  w o uld  incr e as e  s u b s t a n t ia lly  w it h  

t h e  m u c h  e x te nd e d  t ime - ba s e  a n d  r e duc e d nois e  le ve l o f K e 

p le r  obs e r va t ions , b u t  25 pe r  c e nt  goes  s ome  o f t h e  way. 

T h a t  n ine  o u t  o f twe lve  s dB s tar s  in  t h e  V36 1 H y a  in s t a b il 

it y  r e g ion do  n o t  s how a ny  t r a c e  o f p u ls a t io n a l in s t a b ilit y  is 

the re for e  a n  e nd ur in g  e nigm a .

T he  d e te c t io n  o f a t  le as t  one  c le ar ly  t r a ns ie n t  p u ls a to r  is 

a  we lc ome  dis cove ry, c o r r o bo r a t in g  for  t h e  fir s t  t im e  t h e  p u l 

s a t io n  e pis ode  dis cus s e d by  P ic c io n i e t  al. (2000) in  H K  Cn c  

(P G  08 56+ 121). Je ffe r y  & Sa io  (2007) s pe c ula te d  t h a t  t he  

ir on- gr oup e le me nt  e nh a nc e m e n ts , w h ic h  b u ild  u p  due  t o  a 

d iffu s io n  proce s s  ove r  r a the r  lo ng  time - s cales , m a y  be  d is 

r u p t e d  by  th e  a tm os phe r ic  m o t io ns  w he n  p u ls a t io ns  re ac h 

s uffic ie nt  leve ls . T he y  no te  t h a t  s ince  p- mode s  m o s t ly  in 

vo lve  ve r t ic a l m o t io n , w h ile  g- mode s  are  d o m in a t e d  by  h o r i

zo n ta l m o t io n , it  is  pos s ib le  t h a t  p- mode s  are  mor e  e ffe ctive  

a t  r e d is t r ib u t in g  the  ir on- gr oup e le me nts  o u t  o f t he  d r iv ing  

zone . In  t h is  way, it  m a y  be  t h e  p u ls a t io ns  the ms e lve s  t h a t
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c ons pir e  t o  s uppr e s s  the  d r iv in g  m e c h a n is m . Howe ve r , it  is  

h a r d  t o  u n d e r s ta n d  how  th is  proce s s  c a n  a c t  so r a p id ly  as 

we  obs e rve  he re , w he n  th e  t y p ic a l d iffu s io n  time - s cales  are  

10B - 106 ye ars . An o t h e r  pos s ib le  e x p la n a t io n  was  r e ce ntly  

s ugge s te d by  T h e a d o  e t  a l. (2009), in  w h ic h  ir on- gr oup e n 

ha nc e d  laye rs  ly in g  o n  t o p  o f lig h t  e le me nts  w ill le a d  to  

“ir o n  finge r s ” , w h ic h  are  s im ila r  t o  t he  so- called “s a lt  fin 

ge rs” t h a t  are  linke d  to  t h e  th e r m o h a lin e  c o nve c t io n in  the  

oce ans . S uc h  c onve c t io n c a n  oc c ur  o n  time - s cales  o f a  fe w 

t h o u s a n d  ye ars , m u c h  s hor te r  t h a n  c la s s ica l d iffus io n. Mor e  

w o r k  is  de fin it e ly  w a r r a n te d  b o t h  o n  t h e  th e o r e t ic a l a n d  o b 

s e r va t iona l s ide  in  o r de r  t o  b e t t e r  u n d e r s ta n d  t h e  inc ide nc e  

a n d  dive r s ity  in  p u ls a t io n  pow e r  fo un d  in  the  s u b d w a r fB  

puls a to r s . It  w o u ld  be  w o r thw h ile  t o  r e vis it  t he  s dB s tar s  in  

T a ble  3 la te r  in  the  mis s io n in  o r de r  t o  s e arch for  fu r t he r  

t r a n s ie n t  p u ls a t io n  e ve nts , a n d  t o  d e te r m in e  how  c o m m o n  

the y  are .

In  t h is  pa pe r  we ha ve  focus e d m o s t ly  o n  the  m a n y  in te r 

e s t ing  s dB s tar s  in  the  c o m p a c t  pu ls a to r  s a m ple . W h ile  the r e  

ha ve  be e n s ome  in t r ig u in g  low- leve l p h o to m e t r ic  a m p lit u d e s  

de te c te d  in  a  fe w o f the  w h ite  d w a r f s tar s  in  the  s a mple , 

we  ha ve  n o t  g ive n the s e  s tar s  t h e  de ta ile d  t r e a tm e n t  th e y  

des e rve . Aft e r  t he  fina l s urve y d a t a  ha ve  be e n re le as e d a nd  

proce s s e d, we  w ill s ub je c t  t h e  c om ple te  se t o f w h ite  dw a r f 

s pe c tr a  t o  a tm os phe r ic  a na lys is  a n d  dis cus s  t h e m  tog e the r  

w it h  the  p h o to m e t r ic  a na lys is  o f t h e  s e c ond h a lf o f t he  c o m 

p a c t  s t a r  s a mple .

Whe r e a s  t h e  K e p le r  M is s io n  ha s  ju s t  be g un , it  ha s  a l

r e a dy  live d u p  t o  it s  e x pe c ta t ions  b o t h  in  p r o v id in g  p h o 

t o m e t r ic  d a t a  o f unp r e c e d e nte d  q u a lit y  a nd  d u r a t io n  on  

k n o w n  type s  o f c o m pa c t  pu ls a to r s , as  we ll as  r e ve a ling  ne w 

a n d  une x pe c te d  s hor t- pe r iod p he no m e na . We  e age r ly a w a it  

t h e  fo r thc o m in g  re lease  o f t he  r e m a in in g  h a lf o f t he  s urve y 

pha s e , as  we ll as  t h e  r e s ults  t h a t  w ill c ome  w it h  a no the r  

o r de r - of- ma gnitude  incr e as e  in  p h o to m e t r ic  pr e c is ion t h a t  

c a n  be  r e ac he d o n  ta r ge t s  s e le c te d for  s t ud y  t h r o u g h o u t  the  

r e m a in d e r  o f t h e  mis s ion.

A C K N O W L E D G M E N T S

T he  a u th o r s  g r a t e fu lly  a c know le dge  t he  K e p le r  t e a m  a nd  

e ve r y bo dy  w ho ha s  c o n t r ib u t e d  t o  m a k in g  t h is  m is s ion  pos 

s ible . F u n d in g  for  t he  K e p le r  M is s io n  is  p r o v id e d  by  N A S A ’s 

Scie nce  Mis s io n  Dir e c to r a te .

T he  re s e arch le a d in g  to  the s e  r e s ults  ha s  re ce ive d 

fu n d in g  fr om  the  E u r o p e a n  Re s e a r c h  Co u n c il u n d e r  the  

E u r o p e a n  C o m m u n it y ’s Se v e n th  F r a m e w or k  P r o g r a m m e  

(F P 7 / 2 0 0 7 - 2 0 1 3 )/ E RC  g r a n t  a gr e e me nt  N^2 2 7 2 2 4  (P R O S 

P E R IT Y )  , as  we ll as  fr o m  the  Re s e a r c h C o u n c il o f K.U .Le u v e n  

g r a n t  a gr e e me nt  GOA/ 2 0 0 8 / 0 4 . A C Q  is  s up p o r t e d  by  the  

Mis s o ur i Spa ce  Gr a n t  Co n s o r t iu m , fu n d e d  by  N AS A.

We  t h a n k  Ale x a n d e r  Br o w n  (U n iv . o f Co lo r a do ) for  g iv 

in g  us  e a r ly  access  t o  t h e  Gale x  G O  obs e r va t ions  o f the  K e 

p le r  fie ld.

For  the  s pe c tr os c opic  obs e r va t ions  pr e s e nte d he re  we 

a c know le de  t h e  Bo k  T e le s cope  o n  K it t  P e a k, op e r a te d  by  

S te w a r d Obs e r va tor y , the  No r d ic  O p t ic a l T e le s cope  a t  the  

Obs e r va to r io  de l Ro q u e  de  los  Muc ha c ho s  (O R M ) o n  La  

P a lm a , op e r a te d  jo in t ly  by  De n m a r k , F in la n d , Ic e la nd , N o r 

way, a nd  Swe de n, a n d  the  W illia m  He r s c he l a n d  Is a a c  Ne w 

t o n  te le s cope s  a ls o a t  O R M , op e r a te d  by  t h e  Is a a c  N e w to n  

Gr o u p .
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