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План:

1) Введение. Катаклизмические переменные и промежуточные
поляры как их подкласс. 

2) Основная проблема: белые карлики (БК) в катаклизмических
переменных в среднем тяжелее, чем одиночные БК.

3) Модель аккреционной колонки и ее жесткое рентгеновское
излучение как основа для определения масс БК 
в промежуточных полярах.

Сделанные предположения и что еще надо бы учесть. 

4) Метод определения масс БК и других параметров 
промежуточных поляров.

5) Полученные результаты



Катаклизмические переменные звезды

С аккреционным диском

Магнитное поле БК слабое (< 104 G)

Без аккреционного диска

Магнитное поле БК сильное

Карликовые Новые,
Новоподобные, ….

Поляры





Промежуточные поляры (IPs)
Подкласс катаклизмических
переменных звезд (CVs).
Аккреция на замагниченный
белый карлик (БК), B  ≤ 10 MG.

Источники  рентгеновского
излучения kTbr ~ 10 – 30 keV

Сильная ударная волна

По форме рентгеновского спектра
можно найти массу белого карлика!



Рентгеновские обсерватории

NuSTAR (3 -79 keV)                              Swift/BAT (15 -200 keV)
строит изображения кодированная маска



Распределение одиночных  БК по массам  (Kilic+ 2018)
Второй пик (0.8 M_sun) связывают со слияниями двойных БК 

D < 100 pc
Teff > 6000 K



Распределение одиночных магнитных БК по массам 
и напряженности поля (Kawka 2020)



Распределение  БК по массам в немагнитных CVs (Zorotovic+ 2011)
Распределение БК по массам в промежуточных полярах 
такое же  (Shaw + 2020)

Shaw + 2020
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Эмпирически подобранная зависимость скорости потери углового орбитального 
момента от массы БК во время вспышек Новых может помочь (Schreiber + 2016)

Shaw + 2020

Распределение  БК по массам в двойных после стадии общей 
Оболочки (серые колонки) и в пред-катаклизмических переменных
(штрихованные колонки) (Zorotovic+ 2011)



Влияние вспышек Новых

ПОЭТОМУ - эмпирически подобранная зависимость скорости потери углового 
орбитального момента от массы БК во время вспышек Новых может помочь

(Schreiber + 2016)

Массивный БКЛегкий БК
Массивная, плотная,

медленно расширяющаяся оболочка
Легкая, разреженная,

быстро расширяющаяся оболочка



Рентгеновский спектр хребта Галактики

Krivonos + 2007

<M> ≈ 0.5  Msun,  Krivonos + 2007

<M> ≈ 0.5 -0.7 Msun,  Yuasa + 2012

Диффузное рентгеновскoе излучение
центра Галактики (NuSTAR)

<M> ≈ 0.9 Msun,  Hailey + 2016



Исторический экскурс

Rotschild et al (1981) – идея и применение к AM Her
Ishida (1991) – GINGA / LAC observations, isothermal post-shock region (PSR, or 

accretion column)

• Detail model of PSR (non-isothermal)
Aizu (1973), Wu et al (1994), Woelk & Beuermann (1996), Cropper et al
(1999), dipole geometry - Canalle et al (2005), two-temperature plasma
Saxton et al (2007)

• WD mass determinations using non-isothermal models of 
PSR
Cropper et al (1999) – GINGA / LAC (2-20 keV)
Ramsay (2000) – RXTE / PCA (3-20 keV) 
Suleimanov et al (2005) – RXTE / PCA + HEXTE
Brunschweiger et al (2009)   - Swift / BAT
Yuasa et al  (2010)      - Suzaku
De Martino’s group, Bernardini + (2012-2019)  - INTEGRAL

• First works



Квази-дипольная геометрия

S0

S1

S = (1+z/R)3

предложена Hayashi & Ishida 2014 (corrected)

Полная система самосогласованных
гидродинамических уравнений, 
описывающих аккреционную колонку

Уравнение неразрывности

Уравнение Эйлера

Закон сохранения энергии

APEC Использована эта функция охлаждения Λ(ρ,T)  
(огромная благодарность Gerardo Luna ! )

Новые сетки теоретических спектров

Suleimanov et al.: GK Per and EX Hya: small magnetospheres

which is valid for WD masses in the 0.4-1.2 M� range. The re-
sulting relations are

m ⇡ kTbr

15 (1 � r�1
m ) + 0.59 kTbr

, (6)

where kTbr is measured in keV, and

rm ⇡ 1.5
✓ ⌫b
0.02

◆�2/3 m1/3

1 � 0.59 m
. (7)

The accuracy of these relations can be checked using avail-
able data. The hard X-ray spectrum of the intermediate po-
lar V1223 Sgr was fitted by a bremsstrahlung spectrum with
kTbr ⇡ 29 keV (Revnivtsev et al. 2004a). We get m ⇡ 0.9 using
relation (6) with rm = 1, whereas the direct fitting with PSR
spectra gave 0.95±0.05 (Suleimanov et al. 2005). Revnivtsev
et al. (2011) found rm ⇡ 2.7 for EX Hya using fixed m = 0.79
and ⌫b = 0.02. The relation (7) gives rm ⇡ 2.6.

Thus, relations (6) and (7) allow to evaluate the WD mass
and the magnetospheric radius using a simple X-ray spectrum
fitted by bremsstrahlung and break frequency in the power spec-
trum. However, direct fitting of PSR model spectra is necessary
for more accurate results. Of course, we use the accurate M � R
relation further on and provide the relations above for conve-
nience.

3. The model of the post-shock region

3.1. Basic equations

The post-shock region can be fully described using the following
set of equations (see, for example, Mihalas 1978). The continuity
equation is

r·(⇢v) = 0, (8)

where ⇢ is the plasma density and v is the vector of the gas ve-
locity. Conservation of momentum for each gas element is de-
scribed by the vector Euler equation

⇢v · rv = �rP + f, (9)

where P is the gas pressure (we ignore the radiation pressure
here) and f is the force density. The energy equation for the gas
is

r·
" 

1
2
⇢v2 + " + P

!
v

#
= f · v � r · q. (10)

Here " = (3/2)P is the density of internal gas energy. The first
term on the right side of the energy equation is the power den-
sity and the second term accounts for radiative energy loss (q is
the vector of the radiation flux). These equations must be sup-
plemented by the ideal-gas law

P = nkT =
⇢kT
µmH
, (11)

where n is the total number density of particles.
Here we consider the one-dimension optically thin flow in a

white dwarf gravitational field. Therefore, we substitute the ra-
diation loss term by the local radiative cooling function ⇤(⇢,T )

r · q = ⇤(⇢,T ) = nine⇤N(T ), (12)

where

ne =
⇢

µemH
(13)

is the electron number density, and

ni = n � ne =
⇢

mH

 
1
µ
� 1
µe

!
(14)

is the ion number density. Here µe = 1.167 is the mean num-
ber of nucleons per electron for fully ionized solar mix plasma.
The universal cooling function was computed by many authors
and in previous work (Suleimanov et al. 2005) we used ⇤N
computed by Sutherland & Dopita (1993). In the present work,
we use a more modern cooling function computed by the code
APEC (Smith et al. 2001) using the database AtomDB1 for a
solar chemical composition. In the previous work (Suleimanov
et al. 2005), the total cooling function was overestimated by fac-
tor ⇡ 4, as was correctly mentioned by Hayashi & Ishida (2014a)
because n2 instead of ni ne was used in Eq. 12. Fortunately, this
error did not influence the emergent model spectra and the ob-
tained WD masses (see Appendix). It was corrected in subse-
quent work (Suleimanov et al. 2008).

We assume that only gravity force operates in the PSR writ-
ten as

f = � GM
(R + z)2 ⇢ = �g(z) ⇢. (15)

Here z is geometrical height above the WD surface and the con-
sidered accretion flow settles along z.

3.2. Quasi-dipole geometry

We use the approximation of the dipole geometry suggested by
Hayashi & Ishida (2014a). They assumed that the PSR cross-
section S depends on z as follows: S ⇠ zn. In this case ev-
ery divergence in hydrodynamical equations can be written as
r · y = S �1d(S y)/dz,

1
S

d(S ⇢v)
dz

= 0, (16)

⇢v
dv
dz
= �dP

dz
� g(z) ⇢, (17)

and

1
S

d
dz

"
S v

 
1
2
⇢v2 + " + P

!#
= �g(z) ⇢ v � ⇤(⇢,T ). (18)

If we take S ⇠ z2, we obtain the well-known equations for the
spherically symmetric geometry. The dependence S ⇠ z3 mimics
the dipole geometry.

Eq. (16) has the integral

S ⇢ v = a, (19)

where a is the local mass accretion rate at the WD surface,
[a] = g s�1 cm�2. Using this integral, we can replace ⇢ in the next
two Eqs. by a/S v and finally we have

v
dv
dz
+

S v
a

dP
dz
= �g(z), (20)

and

v
dP
dz
+ � P

dv
dz
+ �

Pv
S

dS
dz
= �(� � 1)⇤(⇢,T ), (21)

1 http://www.atomdb.org
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Свойства  моделей в новых сетках 
Сравнение с результатами других авторов

Canalle et al.   2005 



Форма спектра зависит и от
радиуса магнитосферы Rm

Из-за конечной высоты свободного падения
(актуально для маленьких радиусов магнитосферы Rm)

vff
2   = 2GM (1 / R – 1 / Rm)

Вывод:  нам нужна (как минимум) двух-параметрическая сетка 
теоретических спектров (M и Rm / R)

Rm

Rm

(quiescent) 



Модель для БК с M=0.9 Msun и Rm=2R дает такой же спектр,
как и модель для БК с M=0.6 Msun и Rm=1000 R

Свойства  моделей в новых сетках 
Влияние конечного радиуса магнитосферы



Photon energy, keV

Неопределенность: Аппроксимация спектра
дает полосу на плоскости M - Rm /R 

NuSTAR
spectrum

Использовать радиус коротации? 
Считается, что должно быть Rm < RCorot

100 sec
300 sec

corotation



Другая возможность: Спектр мощности
Модель распространения флуктуаций Lubarsky (1997)

Frequency scale   ~   r -3/2

Am
pl

itu
de

   
~ 

  r

r

Rmνbr
Revnivtsev + 2009, 2011

!!!!!Another!possibility:!Power!Density!Spectra!!
!Fluctua8on!propaga8on!model!proposed!by!Lubarsky!(1997)!

Frequency!scale!!!~!!!r!E3/2!!

A
m
pl
itu

de
!!!
~!
!!r
!!

€ 

Δ ˙ M (r)∝ Δα(r)∝ r
ν br ≈νKepler (Rm )

r"

Rm!νbr"

Revnivtsev!+!2009,!2011!



Частота слома в спектре мощности:
еще одна полоса на плоскости  M – Rm /R 

Спектр мощности

Breaking
frequency

Break

Frequency, Hz

Po
w

er
 ×

Fr
eq

ue
nc

y

Область пересечения дает одновременно M и Rm

Suleimanov + 2016



Высота фронта ударной волны также важна!
Высокая аккреционная колонка у EX Hya (Luna + 2018)

kTsh ~  vff
2   = 2GM / (R +Hsh )

Аккреционные колонки высокие
при низких 

локальных темпах аккреции
a < 1 g s-1 cm-2

и дают более мягкие спектры
(см. далее)

Hsh ~  a-1 [a]= g s-1 cm-2

(в цилиндрической геометрии)

z



Модели для БК с M=0.79 Msun и Rm=1000 R.
Модель рассчитанная в дипольной геометрии, 
дает более мягкий спектр, чем модель, посчитанная
в цилиндрической геометрии. 

Свойства  моделей в новых сетках 
Влияние высоты фронта ударной волны



Новые сетки теоретических спектров
1) Фиксированный темп аккреции и

занимаемая часть поверхности БК
𝑀̇ = 10!" 𝑓 = 5×10#$

2) Фиксированная относительная 
высота колонки      Hsh/R = 0.25

Тормозное излучение голых ядер 15
элементов для расчета спектров:
спектры правильные только при E > 3-10 keV

Однородные по массам БК, 
от 0.3 до 1.4 (1.2) Мsun, (шаг 0.02)

Однородные по функции  (1 – R/Rm),
от 1.5 до 60 для  Rm/R

g s-1,

S0

S1

S1 = S0(1+z/R)3



Что проигнорировано
Неполная ионизация – дополнительные источники непрозрачности:
фотоионизация, линии

Учитываются в функции охлаждения, но не при расчете спектров. 
Моделировать спектры на энергиях выше 3-10 кэВ.

Циклотронное охлаждение  
Важно при низких локальных спектрах аккреции. Спектр зависит от 
геометрии колонки. Брать источники высокой  светимости. 

Неустойчивость колонки, охлаждаемой только тормозным 
излучением  

Предсказываемая переменность около 1 Гц достоверно не обнаружена. 
Циклотронное охлаждение стабилизирует неустойчивость. Усредненный
спектр близок к спектру стационарной модели.

Взаимодействие с поверхностью БК и аккреционным потоком  
Появляется отраженный компонент, и некоторая доля мягкой части спектра 
подвержена сильному дополнительному поглощению. 
Моделировать спектры на энергиях выше 20 кэВ.
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vhsg A9 / flε8 · fl92 LF0
EhmZkkx enq dwsqdldkx knv Zbbqdshnm qZsdr: Zr nardqudc Zs

rnld donbgr hm lnrs onkZqr –Bqnoodq fl889(: sgd finv ad;
bnldr bnkkhrhnmkdrr –shh / sbxbk: vgdqd shh hr sgd hnm;hnm bnkkhrhnm
shldrbZkd( Zmc mn rgnbj hr enqldc Zs sgd hloZbs –qdfhld 3 hm
Ehf0 fl(0 Sghr qdfhld gZr addm hcdmshzdc nardquZshnmZkkx Zlnmf
chΛdqdms onkZqr qdedqqdc sn Zr KüQOr –knv Zbbqdshnm qZsd onkZqr:
rdd Rbgvnod ds Zk0 1991(0 Ax trhmf sgd dwoqdrrhnm ne shh fhudm
hm JxkZzr ] KZla –fl871(: sghr rodbhzb qdfhld stqmr nts sn ad
bqtbhZk vgdm sgd lZfmdshb zdkc hr Zanud Z bqhshbZk uZktd sgZs gZr
sgd rZld cdodmcdmbx nm sgd Zbbqdshnm qZsd: eqdd;eZkk udknbhsx: Zmc
Zbbqdshnm rtqeZbd Zr hm Dp0 –flfl( ats vhsg Z chΛdqdms uZktd ne sgd
bnmrsZms A9 / 7ε4 · fl92 LF0

Bnmrhcdqhmf lnqd sxohbZk bnmchshnmr bnllnmkx entmc hm on;
kZqr –rdd OZodq H(: vd enbtr ntq mtldqhbZk rstchdr nm sgd zqrs svn
qdfhldr –Qdfhldr fl Zmc 1(: vghbg Zqd sgd nmkx nmdr bnmrhcdqdc
hm sgd enkknvhmf rdbshnmr0

1�1� PTchTshnm gxcpncxmTlhb mtldphbTk bncd F:CDR

Sgd onrs;rgnbj qdfhnm hr rsqtbstqdc ax sgd bnnkhmf oqnbdrrdr:
sgtr sgd onrhshnm ne sgd qdudqrd rgnbj bZm ad duZktZsdc trhmf
Dp0 –1(0 Enq sxohbZk uZktdr ne cdmrhsx Zmc udknbhsx ne sgd hmbnl;
hmf finv: wr ≡ 2 · fl96 bl bnmrhcdqhmf aqdlrrsqZgktmf bnnkhmf

Zknmdfl0 ür Z bnmrdptdmbd: sgd btquZstqd ne sgd lZfmdshb zdkc
khmd bknrd sn sgd onkd bZm ad mdfkdbsdc: Zmc sgd Zbbqdshnm bnktlm
bZm ad ZrrhlhkZsdc sn Z bxkhmcdq0 Lnqdnudq: bnmrhcdqhmf sgd roZ;
shZk dwsdmrhnm ne sgd bnktlm: sgd lZfmdshb zdkc fqZchdms bZm ad
mdfkdbsdc Zknmf sgd onrs;rgnbj qdfhnm: Zmc sgd sdqlr khmjdc sn
sgd lZfmdshb zdkc hm sgd hcdZk LGC cdrbqhoshnm uZmhrgdc rn Zm
gxcqncxmZlhbZk cdrbqhoshnm hr rtffbhdms sn lncdk sgd aZrd ne sgd
bnktlm –Bqnoodq fl889, VZqmdq fl884, Vt 1999(0

Sgd bncd G�ADE hr cdchbZsdc sn sgd qdrnktshnm ne qZchZshud
gxcqncxmZlhbr dptZshnmr –LhbgZts ds Zk0 19flfl(0 Bnmrhcdqhmf ntq
rxrsdl: vd sqdZs qZchZshud knrrdr Zr Z rntqbd sdql hm sgd dmdqfx
bnmrdquZshnm dptZshnm
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vgdqd s: π: N: �: d: �–π.S (. Zmc ˙̇G Zqd sgd shld: cdmrhsx:
oqdrrtqd: udknbhsx: hmsdqmZk dmdqfx odq tmhs ne lZrr: bnnkhmf
etmbshnm ne sgd rxrsdl: Zmc sgd hcdmshsx lZsqhw: qdrodbshudkx0
DptZshnmr –fl1(�–fl3( bnld eqnl sgd bnmrdquZshnm ne sgd lZrr:
hlotkrhnm: Zmc dmdqfx ne sgd rxrsdl: qdrodbshudkx0

Sgd odqedbs fZr ZooqnwhlZshnm hr Zrrtldc sn bknrd sgd rxr;
sdl ne dptZshnmr0 Sgd bncd hr cdrhfmdc sn rnkud ghfg;LZbg
mtladq finvr –∝ / fl9( sgZmjr sn Z LTRBK;GZmbnbj rbgdld
–UZm Kddq fl868( trhmf Z GKKD rnkudq sn bnlotsd sgd QhdlZmm
oqnakdl –Dhmedkcs fl877(0 Sgd bnnkhmf etmbshnm � hr dwoqdrrdc
Zr Z rtl ne sgd onvdq kZvr ne cdmrhsx Zmc ne oqdrrtqd: sgtr
lncdkkhmf sgd uZqhntr bnnkhmf oqnbdrrdr Zs rsZjd hm sgd rgnbjdc
ldchtl –AtrrbgZdqs ds Zk0 19fl2Z(0 Hm sghr mtldqhbZk lncdk: sgd
hmhshZk bnmchshnmr Zqd sgd lZrr cdmrhsx –π9(: sgd eqdd;eZkk udknbhsx
–gΛ(: Zmc sgd sdlodqZstqd ne sgd hmeZkkhmf finv: qdrodbshudkx0 Hm sgd
oqdrdmsdc rhltkZshnmr: sgd hmeZkkhmf finv udknbhsx dunkudr eqnl
2·fl97 bl+r –LVC / 9ε3 L⊗( sn 4ε4·fl97 bl+r –LVC / 9ε7 L⊗(:
Zmc sgd hmeZkkhmf finv sdlodqZstqd gZr addm rds Zs S / fl96 J sn
dmrtqd Z LZbg mtladq hm sgd finv ghfgdq sgZm sdm sn nasZhm Z
rsqnmf rgnbj ats Zkrn sn dmrtqd mtldqhbZk qnatrsmdrr rhmbd sgd
bncd bZmmns rtrsZhm LZbg mtladqr sgZs Zqd snn ghfg0

Lnqdnudq: Z rodbhzb antmcZqx bnmchshnm gZr addm cdudknodc
sn lhlhb sgd Zbbqdshnm nmsn sgd vghsd cvZqe Zs sgd anssnl ne
sgd bnktlm0 Hmcddc: rhmbd sgd bnnkhmf oqnbdrrdr rsno vgdm sgd
okZrlZ hr rtffbhdmskx bnnkdc: Z kZxdq ne bnkc Zmc cdmrd lZsd;
qhZk ZbbtltkZsdr Zs sgd vghsd cvZqe rtqeZbd0 Nm sgd Zrsqnogxrh;
bZk rbZkd: sghr lZssdq hr ZrrhlhkZsdc ax sgd rsZq: rn sn Zunhc sghr
tmogxrhbZk ZbbtltkZshnm: sgd lZrr finv hr bnmrdqudc Zknmf sgd
bnktlm0 Sgdqdenqd Zs sgd anssnl ne sgd bnktlm: sgd antmcZqx
bnmchshnm rZshrzdr πlZw · glhm / π9 · gΛ0 Sgd oZqZldsdq glhm hr
cdsdqlhmdc rn sgZs sgd udknbhsx bnmsqZrs cndr mns dwbddc sgqdd
nqcdqr ne lZfmhstcd: hmrtqhmf sgd bZkbtkZshnm&r qnatrsmdrr0 Vd
udqhzdc sgZs sgd lhmhltl sdlodqZstqd qdZbgdc qdrdlakdr sdl;
odqZstqd Zs vghbg sgd bnnkhmf hr mn knmfdq dffbhdms0 Lnqd cdsZhkr
bZm ad entmc hm AtrrbgZdqs ds Zk0 –19fl2Z( bnmbdqmhmf sgd hlokd;
ldmsZshnm Zmc uZkhcZshnm ne sghr antmcZqx bnmchshnm0

fl ücchmf sgd bxbknsqnm bnmsqhatshnm vntkc hmctbd Z rgnqsdq bnnkhmf
shldrbZkd: gdmbd Z rgnqsdq bnktlm0

ü14: oZfd 3 ne fl1

Busschaert + 2015

Важность циклотронного охлаждения

SV, Докторская дисс. 2008



B0 AtrrbgZdqs ds Zk0. MtldqhbZk lncdkkhmf ne PONr hm onkZqr

�ge0 40 Sno. dunktshnm ne sgd dlhssdc aqdlrrsqZgktmf rodbsqtl sgqntfg
sgd nrbhkkZshnm enq sgd rZld oZqZldsdqr Zmc sgd shldr hmchbZsdc hm sgd
hmrds ne Ehf0 20 Sgd ldZm rodbsqtl bZkbtkZsdc nudq Z bntokd ne nrbhk;
kZshnmr hr qdoqdrdmsdc ax sgd sghbj fqdx khmd0 Anssnl. qdkZshud chΛdqdmbd
adsvddm sgd ldZm rodbsqtl Zmc sgd rodbsqtl dlhssdc ax sgd sgdnqdshbZk
rsZshnmZqx bnktlm0

Bnmrhcdqhmf ansg bnnkhmf hmrsZahkhshdr: sgd bnktlm rsqtbstqd:
vgdm bnnkdc lZhmkx ax sgd aqdlrrsqZgktmf oqnbdrr: hr pthsd che;
edqdms eqnl sgd rsdZcx rsZsd rnktshnm0 Sghr rsqnmfkx ZΛdbsr ansg
khfgs btqudr Zmc dlhssdc rodbsqZ0

35 Cmytdmbd ne rwrsdl oTpTldsdpr nm ktlhmnrhsw
uTphTshnmr

Hm OZodq H: nardquZshnmZk W;qZx khfgs btqudr ne Z rds ne on;
kZqr vdqd ZmZkxrdc sn rdZqbg enq nrbhkkZshnmr Zr oqdchbsdc ax
sgd bnnkhmf hmrsZahkhsx lncdk0 Sn chqdbskx bnloZqd sgdrd nardq;
uZshnmZk bnmrsqZhmsr vhsg sgd sgdnqdshbZk dwodbsZshnmr eqnl sgd
rgnbj lncdk: vd trdc sgd G�ADE rhltkZshnmr sn bnlotsd sgd
Zlokhstcdr Zmc eqdptdmbhdr ne sgd dwodbsdc nrbhkkZshnmr lnqd
oqdbhrdkx enq chΛdqdms rdsr ne oZqZldsdqr sgZs Zqd qdkduZms sn sgd
onkZqr: bnmrhcdqhmf ansg aqdlrrsqZgktmf Zmc bxbknsqnm bnnkhmf0

3�.� ApdlrrspTgktmf cnlhmTsdc bnktlmr

Sgd sdlonqZk bgZqZbsdqhrshbr ne sgd eqnms rgnbj onrhshnm Zmc
sgd bnlotsdc ORüB W;qZx fitw dldqfhmf eqnl sgd rhltkZ;
shnmr vdqd ZmZkxrdc trhmf eZrs Entqhdq sqZmrenqlr –EES( sn ads;
sdq tmcdqrsZmc sgd oqnodqshdr ne sgd ptZrh;odqhnchb ogdmnldmZ0
QdoqdrdmsZshud onvdq rodbsqZ ne sgd rgnbj eqnms onrhshnm Zmc
W;qZx ktlhmnrhsx Zqd oqdrdmsdc hm Ehf0 5 vgdqd vd bnmrhcdq Z
vghsd cvZqe ne 9ε7 L⊗ vhsg Zm Zbbqdshnm qZsd ne %l / fl9 f+bl1+r
Zmc nmkx sZjhmf sgd aqdlrrsqZgktmf knrrdr hmsn Zbbntms0 Sgd EES
bnudqr rhltkZshnm cZsZ nasZhmdc Zs 909fl r qdrnktshnm nudq 1937
shld rsdor Zs knmf shldr adsvddm s / fl8ε65 r Zmc s / 29 r0

RdudqZk chrbqdsd eqdptdmbhdr dldqfd eqnl sgdrdr ZmZkxrdr:
Zmc sgd rZld eqdptdmbhdr Zqd oqdrdms hm ansg rhfmZkr ats vhsg
chΛdqdms qdkZshud Zlokhstcdr0 Sgd chΛdqdms Zlokhstcdr Zqd dw;
okZhmdc ax bnmrhcdqhmf sgZs mns nmkx cndr sgd uZqhZshnm hm sgd
dlhrrhnm unktld lnchex sgd ktlhmnrhsx ats Zkrn sgd ogxrhbZk
bnmchshnmr ne sdlodqZstqd Zmc cdmrhsx sgqntfgnts sgd onrs;rgnbj
qdfhnm0 Enq hmrsZmbd: sgd onrs;rgnbj sdlodqZstqd cdodmcr nm sgd
oqd;rgnbj udknbhsx hm sgd rgnbj eqZld0 Sgtr: vgdm sgd rgnbj hr
fnhmf torsqdZl –qdro0 cnvmrsqdZl(: sgd hmeZkkhmf finv fndr eZrsdq
–qdro0 rknvdq( sgZm sgd eqdd;eZkk udknbhsx: Zmc sgd onrs;rgnbj

�ge0 50 EZrs Entqhdq sqZmrenql ne sgd eqnms rgnbj onrhshnm –kdes( Zmc sgd
W;qZx ktlhmnrhsx –phfgs( qdrodbshudkx mnqlZkhydc ax sgdhq ldZm uZktdr
enq sgd rZld oZqZldsdqr Zr hm Ehf0 20 Sgd eqdptdmbhdr Zqd hcdmshbZk enq
ansg rhfmZkr ats vhsg chΛdqdms Zlokhstcdr0 Sgd lZhm lncdr chrbtrrdc
hm sgd sdws Zqd qdedqqdc Zr –e(: –Z(: Zmc –a(0

sdlodqZstqd hr ghfgdq –qdro0 knvdq(0 Sghr ogdmnldmnm hr bkdZqkx
uhrhakd hm sgd sdlodqZstqd oqnzkdr oqdrdmsdc hm Ehf0 20 ülnmfrs
sgd lnrs rhfmhzbZms eqdptdmbhdr: sgd knvdrs hr entmc Zs 1013 Gy
–odqhnc ne 9034 r( –lncd e(0 Sghr eqdptdmbx hr udqx uhrhakd hm sgd
zqrs hmrsZmsr –rdd Ehf0 1( Zmc qdlZhmr oqdrdms kZsdq0 Hs hr bnqqd;
kZsdc vhsg sgd rdsshmf to ne sgd ORüB rsqtbstqd. vgdm sgd finv
hloZbsr sgd rtqeZbd: sgd rgnbj fndr ZvZx eqnl sgd rtqeZbd Zmc
oqnfqdrrhudkx rknvr cnvm0 üs s / 9ε13 r: sgd rgnbj eZkkr aZbj
Zmc qdZbgdr sgd lhmhltl onrhshnm Zs s / 9ε31 r adenqd antmb;
hmf ZfZhmrs sgd rdbnmcZqx rgnbj0 Sgd rdbnmc rsqnmfdrs lncd hr
oqdrdms Zs Z eqdptdmbx ne 506 Gy –odqhnc ne 90fl4 r( –lncd Z(0
Sghr sxohbZk shldrbZkd bnqqdronmcr sn sgd bnnkhmf shldrbZkd sgZs
hr bZkbtkZsdc trhmf Dp0 –3(0 Lncdr ne ghfgdq eqdptdmbhdr Zqd
Zkrn oqdrdms Zmc bZm lZjd Z rhfmhzbZms bnmsqhatshnm sn sgd nr;
bhkkZshnmr0 ü lncd –a( gZr addm dlogZrhydc hm Ehf0 5: rhmbd hs
gZr Z rsqnmf bnmsqhatshnm enq ghfgdq lZfmdshb zdkc rsqdmfsg0 Enq
sgd qdfhld vhsg otqd aqdlrrsqZgktmf bnnkhmf: sgd EES dwghahsr
sgd rZld nudqZkk adgZuhntq enq sgd chΛdqdms vghsd cvZqe lZrrdr
sdrsdc –LVC / 9ε3. 9ε5. 9ε7 L⊗(0 Gnvdudq: sgd qdkZshud bnmsqhat;
shnm ne dZbg lncd bZm ad rkhfgskx chΛdqdms: Zmc hs bZm ad cdlnm;
rsqZsdc gnv sgd eqdptdmbx cdodmcr nm sgd Zbbqdshnm qZsd Zmc sgd
vghsd cvZqe lZrr0

Bnmrhcdqhmf sgd aqdlrrsqZgktmf bnnkhmf Zr cnlhmZms –rdd
Qdfhld fl: Ehf0 fl(: sgd ldbgZmhrl sgZs hmctbdr sgd nrbhkkZshnmr
hr sgd bnnkhmf hmrsZahkhsx vhsg sgd nrbhkkZshnm eqdptdmbx dwodbsdc
sn dunkud Zr sgd hmudqrd ne sgd bnnkhmf shld –rdd Dp0 –3((

µ ≃ s�flaqdl ≃ %l<g1Λε –fl7(

Hmsqnctbhmf sgd dwoqdrrhnm ne sgd eqdd;eZkk udknbhsx bntokdc sn
sgd vghsd cvZqe lZrr;qZchtr qdkZshnm –MZtdmadqf fl861(: sgd eqd;
ptdmbx cdodmcr nm sgd rodbhzb Zbbqdshnm qZsd Zmc sgd vghsd
cvZqe lZrr Zr

µ / �9 %l
]
⎦⎦⎦⎦⎦⎤

]
flε33 L⊗
LVC

(7<2
�
]
flε33 L⊗
LVC

(3<2⎡⎢⎢⎢⎢⎢⎣
fl<1

. –fl8(

vgdqd �9 hr Z bnmrsZms0 Hm Ehf0 6: vd qdoqdrdms sgd cnlhmZms nr;
bhkkZshnm eqdptdmbx ne sgd W;qZx ktlhmnrhsx –lncd Z(: dwsqZbsdc
eqnl rhltkZshnmr enq sgqdd chΛdqdms vghsd cvZqe lZrrdr Zmc Zb;
bqdshnm qZsdr0 Sgd cdodmcdmbd eqnl Dp0 –fl8( hr oknssdc Zr rnkhc
khmdr Zmc fhudr Z fnnc drshlZsd ne sgd nrbhkkZshnm eqdptdmbx0 Sgd
bnmrsZms �9: vghbg oqnuhcdr sgd adrs zs: hr �9 / 9ε8. 9ε8. Zmc
9ε6 bl1+f enq %l / 9εfl. fl. Zmc fl9 f+bl1+r: qdrodbshudkx: vghkd sgd

ü14: oZfd 6 ne fl1

Busschaert + 2015

Спектры осциллирующей колонки
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Фитирование спектров: две полосы
(короткая и длинная колонки) на M - Rm

Частота излома в спектре мощности
дает еще одну полосу на M - Rm

Revnivtsev + 2009, 2011

νbr = 0.013 ± 0.006 

M = 0.70 ±0.04 Msun
Rm = 3.4 ±0.4 R
M(opt) = 0.79±0.03 Msun

Контрольный источник: EX Hya

Optical

tall
column
H/R = 0.25

Breaking
frequency

Break

NuSTAR
spectrum

Power spectrum



Контрольный источник: EX Hya
Определение  фундаментальных параметров

Используемые соотношения

Темп аккреции

Масса – радиус

Относительный радиус 
магнитосферы

Напряженность 
магнитного поля 

m = M/Msun

Rm = Λ RA ,  Λ ≈ 0.5

C ≈ 1.25 – 1.4 - учитывает, что в рассчитанных спектрах не включены линии и 
фоторекомбинационные континуумы  

Nauenberg, 1972

6 V. F. Suleimanov et al.

Rm = 2.6± 0.4 R. These values are in good agreement with esti-
mates obtained by other authors (see references above). Given that
GK Per was observed in two luminosity states, we also investigated
the dependence of the magnetosphere radius on luminosity.

Later on, EX Hya has been also observed by NuSTAR (Luna
et al. 2018). Here we use this observation to verify the results ob-
tained previously as well as the hypothesis that the height of the
PSR might be sufficiently large to affect its spectrum (Luna et al.
2018). Compared to Suleimanov et al. (2016), we also use the im-
proved method to merge the two constraints. Instead of fitting an
observed spectrum and power spectra independently and then de-
termining the intersection between the constraints provided by both
measurements on the m�rm plane, we now fit both the energy and
power spectra simultaneously. The break frequency is not consid-
ered as a free parameter but instead is linked to the Rm parameter
in the PSR model, assuming that the break occurs at the Keplerian
frequency for a given radius, i.e. using Eq. 4 and 6. This approach
allows to properly take the statistical uncertainties for both energy
and power spectra into the account, and to directly evaluate the in-
tersection region in the m� rm plane.

The results are presented in Figs. 2 and 3. The best fit to the
observed energy spectrum and power spectrum is shown in Fig. 2.
Only the fit obtained with the tall PSR model is shown because the
difference between the fits obtained for both model grids is neg-
ligible and only the derived mass is slightly different. This differ-
ence is illustrated in Fig. 3. Unlike most of the plots, we adopt a 3�

confidence level to emphasize the significance of the difference be-
tween the two model grids. It is also clear that results of the fitting
with the tall PSR models better agree with the optical measurement
of the WD mass. Therefore, we confirm the suggestion by Luna
et al. (2018) that a tall PSR in EX Hya might be the reason be-
hind the discrepancies between different mass estimates previously
reported. The WD mass and the magnetospheric radius deduced
using the tall PSR model are 0.70± 0.04 M� and 3.4+0.4

�0.3R. Note
that EX Hya might have an even taller PSR than assumed in the tall
column model, Hsh/R = 0.25.

The distance to EX Hya is known with high accuracy af-
ter Gaia DR2. After conversion of the measured parallax we ob-
tained D = 56.95 ± 0.13 pc. Therefore, the mass accretion rate
in the system can be deduced using the bolometric flux measured
by NuSTAR. The best fit model flux is estimated to F0.1�100 =
1.93 ⇥ 10�10 erg s�1 cm�2. According to our computations the
bolometric flux of this model is about 70% of the total luminosity,
and the corresponding correction factor is C ⇡ 1.43. We used both
the WD mass and the magnetospheric radius to derive the mass-
accretion rate using the relation

C ⇥ F0.1�100 =
GMṀ

4⇡D2

„
1
R
� 1

Rm

«
. (5)

We obtained Ṁ ⇡ 1.3⇥1015 g s�1 (or⇡ 2⇥10�11 M�/yr). Here
we employed the mass-radius relation for WDs from Nauenberg
(1972):

R = 7.8⇥ 108

"„
1.44
m

«
2/3

�
“

m

1.44

”
2/3

#
1/2

cm. (6)

The uncertainties in M and Rm almost cancel each other, and
only the uncertainty in the distance is important, which is small
in our case. The derived luminosity of EX Hya is thus L ⇡
7.5⇥ 1031 erg s�1.

Formally, the evaluated mass-accretion rate is so low that
EX Hya, having an orbital period of Porb = 1.638 h, already en-
ters the region occupied by post-period-minimum CVs according to

theoretical expectations for the Ṁ�Porb relation (see, e.g. Howell
et al. 2001; Goliasch & Nelson 2015). On the other hand, the re-
cently measured secondary mass M2 = 0.10±0.02 M� (Echevar-
ría et al. 2016) excluded this possibility. Therefore, EX Hya is just
a system in a low-accretion state. Indeed, Vogt et al. (1980) (see
also Bateson et al. 1979) remarked that EX Hya is a dwarf nova
with very short duration (⇡ 4d) and rare (every 574d) outbursts.
Our result supports this statement.

Using the determined mass-accretion rate we can also evaluate
the magnetic field strength B on the WD surface. Assuming that the
magnetospheric radius is proportional to the standard Alfvén radius
Rm = ⇤RA, we get

rm =
Rm

R
= ⇤

„
B

4
R

5

2GMṀ2

«1/7

, (7)

or

B = (2GM)1/4
Ṁ

1/2
R
�5/4

“
rm

⇤

”
7/4

. (8)

Inserting numerical values, this implies B = 2.9⇥104 G assuming
that ⇤ = 0.5. This low value is, however, slightly higher in com-
parison with previous results (see, e.g., Revnivtsev et al. 2011).f
We chose ⇤ = 0.5 because this is often used in X-ray pulsar inves-
tigations after the work by Ghosh & Lamb (1979).

3.2 NuSTAR observations of GK Per

The old nova GK Per is an IP which exhibits dwarf nova behav-
ior as well (Watson et al. 1985; Šimon 2002). Therefore, the states
of the system with the very different accretion rates are observed,
so the magnetospheric radius in this system is expected to differ in
quiescence and outburst. We attempted to investigate whether this
is indeed the case (Suleimanov et al. 2016) using a NuSTAR ob-
servation of GK Per during the latest outburst (Zemko et al. 2017),
and Swift/BAT and INTEGRAL hard X-ray spectra of the source
in quiescence. This allowed to estimate the magnetosphere size re-
spectively using observed break frequency, and from PSR model
under assumption that the mass of WD is the same in both cases.
No dedicated observations of the source quiescence were available
at the time (Wada et al. 2018) so we were not able to investigate
the power spectrum. Note that Wada et al. (2018) used a similar
approach to study the magnetospheric radius changes, but they em-
ployed another spectral model, and obtained consistent results. In
particular, they derived a WD mass of 0.87± 0.07 M� which is in
very good agreement with our result 0.86± 0.02 M�.

A NuSTAR observation of GK Per in quiescence became
available since then, and this dataset allows us to directly mea-
sure the power spectrum of the source. Its shape is similar to that
during the outburst, and the break is clearly detected. The break
occurs at significantly lower frequency, as expected. This is illus-
trated in Figs. 4 and 5. The best fits to the GK Per spectra and power
spectra during outburst and quiescence are shown in Fig. 4. Again,
we fit both power and energy spectra simultaneously as described
above for EX Hya, with break frequencies in outburst and quies-
cence linked to the respective Rm parameter values of the PSR
model. The mass of the WD was linked for both data sets. The re-
sults are presented in Fig. 5. The contours for the WD mass and
magnetosphere size for the two states obtained from the joint fit
are shown by solid curves. For illustration we also plot the con-
straints which are obtained by independent fitting of energy and
power spectra (as colored strips in the plot). From the joint fit we
obtain M = 0.79 ± 0.01 M� and Rm/R = 3.18 ± 0.17 (at
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Rm = 2.6± 0.4 R. These values are in good agreement with esti-
mates obtained by other authors (see references above). Given that
GK Per was observed in two luminosity states, we also investigated
the dependence of the magnetosphere radius on luminosity.

Later on, EX Hya has been also observed by NuSTAR (Luna
et al. 2018). Here we use this observation to verify the results ob-
tained previously as well as the hypothesis that the height of the
PSR might be sufficiently large to affect its spectrum (Luna et al.
2018). Compared to Suleimanov et al. (2016), we also use the im-
proved method to merge the two constraints. Instead of fitting an
observed spectrum and power spectra independently and then de-
termining the intersection between the constraints provided by both
measurements on the m�rm plane, we now fit both the energy and
power spectra simultaneously. The break frequency is not consid-
ered as a free parameter but instead is linked to the Rm parameter
in the PSR model, assuming that the break occurs at the Keplerian
frequency for a given radius, i.e. using Eq. 4 and 6. This approach
allows to properly take the statistical uncertainties for both energy
and power spectra into the account, and to directly evaluate the in-
tersection region in the m� rm plane.

The results are presented in Figs. 2 and 3. The best fit to the
observed energy spectrum and power spectrum is shown in Fig. 2.
Only the fit obtained with the tall PSR model is shown because the
difference between the fits obtained for both model grids is neg-
ligible and only the derived mass is slightly different. This differ-
ence is illustrated in Fig. 3. Unlike most of the plots, we adopt a 3�

confidence level to emphasize the significance of the difference be-
tween the two model grids. It is also clear that results of the fitting
with the tall PSR models better agree with the optical measurement
of the WD mass. Therefore, we confirm the suggestion by Luna
et al. (2018) that a tall PSR in EX Hya might be the reason be-
hind the discrepancies between different mass estimates previously
reported. The WD mass and the magnetospheric radius deduced
using the tall PSR model are 0.70± 0.04 M� and 3.4+0.4

�0.3R. Note
that EX Hya might have an even taller PSR than assumed in the tall
column model, Hsh/R = 0.25.

The distance to EX Hya is known with high accuracy af-
ter Gaia DR2. After conversion of the measured parallax we ob-
tained D = 56.95 ± 0.13 pc. Therefore, the mass accretion rate
in the system can be deduced using the bolometric flux measured
by NuSTAR. The best fit model flux is estimated to F0.1�100 =
1.93 ⇥ 10�10 erg s�1 cm�2. According to our computations the
bolometric flux of this model is about 70% of the total luminosity,
and the corresponding correction factor is C ⇡ 1.43. We used both
the WD mass and the magnetospheric radius to derive the mass-
accretion rate using the relation

C ⇥ F0.1�100 =
GMṀ
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«
. (5)

We obtained Ṁ ⇡ 1.3⇥1015 g s�1 (or⇡ 2⇥10�11 M�/yr). Here
we employed the mass-radius relation for WDs from Nauenberg
(1972):
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The uncertainties in M and Rm almost cancel each other, and
only the uncertainty in the distance is important, which is small
in our case. The derived luminosity of EX Hya is thus L ⇡
7.5⇥ 1031 erg s�1.

Formally, the evaluated mass-accretion rate is so low that
EX Hya, having an orbital period of Porb = 1.638 h, already en-
ters the region occupied by post-period-minimum CVs according to

theoretical expectations for the Ṁ�Porb relation (see, e.g. Howell
et al. 2001; Goliasch & Nelson 2015). On the other hand, the re-
cently measured secondary mass M2 = 0.10±0.02 M� (Echevar-
ría et al. 2016) excluded this possibility. Therefore, EX Hya is just
a system in a low-accretion state. Indeed, Vogt et al. (1980) (see
also Bateson et al. 1979) remarked that EX Hya is a dwarf nova
with very short duration (⇡ 4d) and rare (every 574d) outbursts.
Our result supports this statement.

Using the determined mass-accretion rate we can also evaluate
the magnetic field strength B on the WD surface. Assuming that the
magnetospheric radius is proportional to the standard Alfvén radius
Rm = ⇤RA, we get

rm =
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Inserting numerical values, this implies B = 2.9⇥104 G assuming
that ⇤ = 0.5. This low value is, however, slightly higher in com-
parison with previous results (see, e.g., Revnivtsev et al. 2011).f
We chose ⇤ = 0.5 because this is often used in X-ray pulsar inves-
tigations after the work by Ghosh & Lamb (1979).

3.2 NuSTAR observations of GK Per

The old nova GK Per is an IP which exhibits dwarf nova behav-
ior as well (Watson et al. 1985; Šimon 2002). Therefore, the states
of the system with the very different accretion rates are observed,
so the magnetospheric radius in this system is expected to differ in
quiescence and outburst. We attempted to investigate whether this
is indeed the case (Suleimanov et al. 2016) using a NuSTAR ob-
servation of GK Per during the latest outburst (Zemko et al. 2017),
and Swift/BAT and INTEGRAL hard X-ray spectra of the source
in quiescence. This allowed to estimate the magnetosphere size re-
spectively using observed break frequency, and from PSR model
under assumption that the mass of WD is the same in both cases.
No dedicated observations of the source quiescence were available
at the time (Wada et al. 2018) so we were not able to investigate
the power spectrum. Note that Wada et al. (2018) used a similar
approach to study the magnetospheric radius changes, but they em-
ployed another spectral model, and obtained consistent results. In
particular, they derived a WD mass of 0.87± 0.07 M� which is in
very good agreement with our result 0.86± 0.02 M�.

A NuSTAR observation of GK Per in quiescence became
available since then, and this dataset allows us to directly mea-
sure the power spectrum of the source. Its shape is similar to that
during the outburst, and the break is clearly detected. The break
occurs at significantly lower frequency, as expected. This is illus-
trated in Figs. 4 and 5. The best fits to the GK Per spectra and power
spectra during outburst and quiescence are shown in Fig. 4. Again,
we fit both power and energy spectra simultaneously as described
above for EX Hya, with break frequencies in outburst and quies-
cence linked to the respective Rm parameter values of the PSR
model. The mass of the WD was linked for both data sets. The re-
sults are presented in Fig. 5. The contours for the WD mass and
magnetosphere size for the two states obtained from the joint fit
are shown by solid curves. For illustration we also plot the con-
straints which are obtained by independent fitting of energy and
power spectra (as colored strips in the plot). From the joint fit we
obtain M = 0.79 ± 0.01 M� and Rm/R = 3.18 ± 0.17 (at
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Rm = 2.6± 0.4 R. These values are in good agreement with esti-
mates obtained by other authors (see references above). Given that
GK Per was observed in two luminosity states, we also investigated
the dependence of the magnetosphere radius on luminosity.

Later on, EX Hya has been also observed by NuSTAR (Luna
et al. 2018). Here we use this observation to verify the results ob-
tained previously as well as the hypothesis that the height of the
PSR might be sufficiently large to affect its spectrum (Luna et al.
2018). Compared to Suleimanov et al. (2016), we also use the im-
proved method to merge the two constraints. Instead of fitting an
observed spectrum and power spectra independently and then de-
termining the intersection between the constraints provided by both
measurements on the m�rm plane, we now fit both the energy and
power spectra simultaneously. The break frequency is not consid-
ered as a free parameter but instead is linked to the Rm parameter
in the PSR model, assuming that the break occurs at the Keplerian
frequency for a given radius, i.e. using Eq. 4 and 6. This approach
allows to properly take the statistical uncertainties for both energy
and power spectra into the account, and to directly evaluate the in-
tersection region in the m� rm plane.

The results are presented in Figs. 2 and 3. The best fit to the
observed energy spectrum and power spectrum is shown in Fig. 2.
Only the fit obtained with the tall PSR model is shown because the
difference between the fits obtained for both model grids is neg-
ligible and only the derived mass is slightly different. This differ-
ence is illustrated in Fig. 3. Unlike most of the plots, we adopt a 3�

confidence level to emphasize the significance of the difference be-
tween the two model grids. It is also clear that results of the fitting
with the tall PSR models better agree with the optical measurement
of the WD mass. Therefore, we confirm the suggestion by Luna
et al. (2018) that a tall PSR in EX Hya might be the reason be-
hind the discrepancies between different mass estimates previously
reported. The WD mass and the magnetospheric radius deduced
using the tall PSR model are 0.70± 0.04 M� and 3.4+0.4

�0.3R. Note
that EX Hya might have an even taller PSR than assumed in the tall
column model, Hsh/R = 0.25.

The distance to EX Hya is known with high accuracy af-
ter Gaia DR2. After conversion of the measured parallax we ob-
tained D = 56.95 ± 0.13 pc. Therefore, the mass accretion rate
in the system can be deduced using the bolometric flux measured
by NuSTAR. The best fit model flux is estimated to F0.1�100 =
1.93 ⇥ 10�10 erg s�1 cm�2. According to our computations the
bolometric flux of this model is about 70% of the total luminosity,
and the corresponding correction factor is C ⇡ 1.43. We used both
the WD mass and the magnetospheric radius to derive the mass-
accretion rate using the relation
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The uncertainties in M and Rm almost cancel each other, and
only the uncertainty in the distance is important, which is small
in our case. The derived luminosity of EX Hya is thus L ⇡
7.5⇥ 1031 erg s�1.

Formally, the evaluated mass-accretion rate is so low that
EX Hya, having an orbital period of Porb = 1.638 h, already en-
ters the region occupied by post-period-minimum CVs according to

theoretical expectations for the Ṁ�Porb relation (see, e.g. Howell
et al. 2001; Goliasch & Nelson 2015). On the other hand, the re-
cently measured secondary mass M2 = 0.10±0.02 M� (Echevar-
ría et al. 2016) excluded this possibility. Therefore, EX Hya is just
a system in a low-accretion state. Indeed, Vogt et al. (1980) (see
also Bateson et al. 1979) remarked that EX Hya is a dwarf nova
with very short duration (⇡ 4d) and rare (every 574d) outbursts.
Our result supports this statement.

Using the determined mass-accretion rate we can also evaluate
the magnetic field strength B on the WD surface. Assuming that the
magnetospheric radius is proportional to the standard Alfvén radius
Rm = ⇤RA, we get
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Inserting numerical values, this implies B = 2.9⇥104 G assuming
that ⇤ = 0.5. This low value is, however, slightly higher in com-
parison with previous results (see, e.g., Revnivtsev et al. 2011).f
We chose ⇤ = 0.5 because this is often used in X-ray pulsar inves-
tigations after the work by Ghosh & Lamb (1979).

3.2 NuSTAR observations of GK Per

The old nova GK Per is an IP which exhibits dwarf nova behav-
ior as well (Watson et al. 1985; Šimon 2002). Therefore, the states
of the system with the very different accretion rates are observed,
so the magnetospheric radius in this system is expected to differ in
quiescence and outburst. We attempted to investigate whether this
is indeed the case (Suleimanov et al. 2016) using a NuSTAR ob-
servation of GK Per during the latest outburst (Zemko et al. 2017),
and Swift/BAT and INTEGRAL hard X-ray spectra of the source
in quiescence. This allowed to estimate the magnetosphere size re-
spectively using observed break frequency, and from PSR model
under assumption that the mass of WD is the same in both cases.
No dedicated observations of the source quiescence were available
at the time (Wada et al. 2018) so we were not able to investigate
the power spectrum. Note that Wada et al. (2018) used a similar
approach to study the magnetospheric radius changes, but they em-
ployed another spectral model, and obtained consistent results. In
particular, they derived a WD mass of 0.87± 0.07 M� which is in
very good agreement with our result 0.86± 0.02 M�.

A NuSTAR observation of GK Per in quiescence became
available since then, and this dataset allows us to directly mea-
sure the power spectrum of the source. Its shape is similar to that
during the outburst, and the break is clearly detected. The break
occurs at significantly lower frequency, as expected. This is illus-
trated in Figs. 4 and 5. The best fits to the GK Per spectra and power
spectra during outburst and quiescence are shown in Fig. 4. Again,
we fit both power and energy spectra simultaneously as described
above for EX Hya, with break frequencies in outburst and quies-
cence linked to the respective Rm parameter values of the PSR
model. The mass of the WD was linked for both data sets. The re-
sults are presented in Fig. 5. The contours for the WD mass and
magnetosphere size for the two states obtained from the joint fit
are shown by solid curves. For illustration we also plot the con-
straints which are obtained by independent fitting of energy and
power spectra (as colored strips in the plot). From the joint fit we
obtain M = 0.79 ± 0.01 M� and Rm/R = 3.18 ± 0.17 (at
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Figure 4. Top panel: NuSTAR spectra of GK Per during outburst and qui-
escence fitted with short PSR models (M = 0.79 M�, Rm = 3.18 R for
outburst and Rm = 8.5 R in quiescence). Spectra from both NuSTAR units
combined for plotting to enhance clarity. Bottom panel: The corresponding
power spectra fitted with broken power laws, ⌫br = 0.017 (outburst) and
⌫br = 0.004 (quiescence).

outburst) and Rm/R = 8.5 ± 0.5 (at quiescence). The obtained
WD mass and magnetospheric radii are slightly reduced compared
to our previous result. The reason for that is most likely related
to the fact that GK Per is a transient system, so the mission-long
Swift/INTEGRAL spectra used previously to determine WD pa-
rameters in queiscence contain also some outburst data. We also
note that the magnetospheric radius in quiescence is close to the
corotation radius.

The distance to GK Per is now constrained by Gaia DR2 to
D = 442±8.5 pc. This allows to estimate the mass-accretion rates
and corresponding luminosities during outburst (7.87⇥ 1017 g s�1

and 5.8 ⇥ 1034 erg s�1) and in quiescence (1.42 ⇥ 1016 g s�1 and
1.4 ⇥ 1033 erg s�1). The corresponding magnetic field strengths
on the WD surface are B ⇡ 7.5 ⇥ 105 G and B ⇡ 5.6 ⇥ 105 G
(assuming ⇤ = 0.5). This difference indicates that the magneto-
spheric radius dependence on accretion rate deviates slightly from
one expected from Alfvén model. Indeed, one would expect that the
ratio of the magnetospheric radius in quiescence R

q
m to the mea-

sured one during outburst R
o
m has to be proportional to the mass-
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Figure 5. Strips in the m � rm plane obtained using spectral fitting of
GK Per during outburst (red strips) and quiescence (blue strips) by short
column PSR models, and using the break frequency in the power spectrum
during outburst (⌫br = 0.017 Hz) and quiescence (⌫br = 0.004 Hz). The
corresponding most probable regions are shown by the solid closed curves.
The dashed curve corresponds to the corotation radius.

Table 2. Observed and derived parameters of IPs observed by NuSTAR.

Name M/M� ⌫br, Hz Rm/R F b
0.1�100

GK Per 0.79± 0.01 0.017 3.18 ±0.17 24.79±0.5
0.004 8.5+0.5

�0.4 0.59±0.03
NY Lup 1.05± 0.04 0.005 10.3+2.8

�2.0 2.08±0.11
FO Aqr 0.57± 0.03 0.0013 14.1±1.1 2.38±0.31
V2731 Oph 1.06± 0.03 7.8a 1.47±0.07
V709 Cas 0.83± 0.04 9.6a 1.57±0.14
EX Hya 0.70± 0.04 0.013 3.4+0.4

�0.3 1.93±0.42
V1223 Sgr 0.72± 0.02 14.4a 5.39±0.32
V405 Aur 0.73± 0.03 12.0a 1.31±0.14
J2133+5107 0.95± 0.04 17.2a 1.35±0.09
TV Col 0.79± 0.03 0.005 7.6+2.6

�1.2 1.87±0.12

Notes: (a) Relative corotation radius; (b) Best fit model flux in the range
0.1–100 keV in units 10�10 erg s�1 cm�2.

accretion rates:

R
q
m

Ro
m

⇠
„

Ṁ
q

Ṁo

«�2/7

⇡ 3.15± 0.05. (9)

The observed ratio is 2.7± 0.21, i.e., the discrepancy between the
two values is ⇠ 2�. Wada et al. (2018) obtained a higher ratio,
3.9 ± 0.5, with systematically smaller measured magnetospheric
radii (based on spectral fits only).

3.3 Other intermediate polars observed with NuSTAR

Up to now, observations of ten IPs were performed by NuSTAR,
and we applied the approach described in detail above to all of
them. The available data does not always allow to obtain a power
spectrum with sufficient quality, particularly for slower rotating
sources, and thus to detect the break. The magnetospheric radii
were estimated, therefore, using the break frequency whenever pos-
sible, or fixed to the corotation radius otherwise. The results are
presented in Table 2 and Figs. 6 and 7.

Masses of three IPs (NY Lup, V1223 Sgr, and V709 Cas)
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Figure 6. Top panels: NuSTAR spectra of NY Lup, FO Aqr, and TV Col fitted with short PSR models. Spectra from both NuSTAR units combined for plotting
to enhance clarity. Middle panels: The corresponding power spectra fitted with broken power laws. Bottom panels: Strips in the m� rm plane obtained using
spectral fitting (red strips) by short column PSR models, and using the break frequency in the power spectra (green strips). The corresponding most probable
regions are shown by the solid closed curves. The dashed curves correspond to the corotation radii. The used fitting parameters are presented in Table 2.
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Figure 7. NuSTAR spectra of V709 Cas, V1223 Sgr, V2731 Oph, RX J2133, and V405 Aur fitted with short PSR models. Spectra from both NuSTAR units
combined for plotting to enhance clarity. The used fitting parameters are presented in Table 2.

were determined by Shaw et al. (2018) using NuSTAR observa-
tions. The reported values are 1.16+0.04

�0.02M�, 0.75± 0.02M�, and
0.88+0.05

�0.04M�, respectively. Comparison with our estimates sug-
gests that we obtain a

¯
lmost the same (but slightly smaller) masses

for V1223 Sgr, and V709 Cas. However, our estimation for NY Lup
is significantly smaller. There are several possible reasons for this
discrepancy.

First of all, we restrict our analysis to the energy range above
20 keV due to the apparent complexity of the spectrum at lower en-
ergies which is not accounted for by the model. While it is clear

that reflection or complex absorption must be responsible for the
observed deviations from PSR model, as already discussed above,
there is no physically motivated quantitative description of these
deviations, yet (see, however, Hayashi et al. 2018). Shaw et al.
(2018) considered the full NuSTAR energy range and concluded
that reflection is essential to describe the broadband spectrum.
However, a rather simplified description for the reflection compo-
nent was necessarily used, which could bias their estimates. Indeed,
the overall fit quality and thus estimated properties of the reflection
component are dominated by the soft band. On the other hand, the

MNRAS 000, 1–14 (2018)

Другие IPs , наблюдавшиеся  NuSTAR

1.05±0.04 Msun 0.57±0.03 Msun 0.79±0.03 Msun

Rm ~ 10.3 R Rm ~ 14.1 R Rm ~ 7.6 R



Другие IPs , наблюдавшиеся  NuSTAR

0.83±0.04 Msun

0.72±0.02 Msun

1.06±0.03 Msun

0.73±0.03 Msun 0.95±0.04 Msun

νbr = νorb

Rm = Rcor



IPs из архива Swim/BAT (35 источников)  
Сравнение с результатами  NuSTAR

Rm = RcorSuleimanov + 2019

Shaw + 2020

INTEGRAL



IPs из архива Swift/BAT (35 источников)  

EX Hya TV Col   DO Dra V405 Aur MU Cam  V667 Pup V2400 Oph BG CMi
V709 Cas V2731 Oph PQ Gem  V1223 Sgr AO Psc V1025 Cen V1062 Tau  XY Ari
FO Aqr TX Col   GK Per  V2306 Cyg NY Lup V1033 Cas J2133+5107   V418 Gem
V515 And  V647 Aur EI UMa V2069 Cyg J17195-4100   J04571+4527    J18173-2509
J08390-4833   J15094-6649  J16500-3307   J16547-1916

Включая наблюдавшиеся  обсерваторией NuSTAR

Rm = Rcor



Сравнение с  другими методами
(в основном, оптическими) 



Сравнение с  другими методами
(по отношению EWFeXXVI/EWFeXXV) 

Shaw + 2020

Xu + 2019, см. также Luna… SV  2015



Распределение по массам БК

0.83 ± 0.24 Мsun - Zorotovic + 2011  (по всем CVs)
0.88 ± 0.25              - Yuasa + 2010    (IPs)
0.86 ± 0.07              - Bernardini +  2012  (IPs)

<M> = 0.78 
+/- 0.13 Msun

NuSTAR
SV + 2019
Shaw + 2020
(штрихивка)

+ BAT
Suleimanov + 2019



Темпы аккреции
используя расстояния из Gaia DR2

37 источников



Сравнение с теоретическими предсказаниями
У долгопериодических IPs более низкие dotM чем предсказывается

Вероятно, EX Hya это карликовая новая в спокойном состоянии

Howell + 2001



Напряженность магнитного поля
используя расстояния из Gaia DR2



Сравнение распределений белых карликов 
по величине магнитного поля  в одиночных 
объектах (штрих) и IPs (синие) 



Заключение

Более подробно исследованы EX Hya ,
IP с низким < 10-11 Msun/yr и B ~ 104 Гс,

и карликовая Новая GK Per с переменным
радиусом магнитосферы.

Исследованы 36 промежуточных поляров
и 2 поляра, наблюдавшихся Swift/BAT и
NuSTAR (26 из них).

Используя расстояния, полученные из 
данных Gaia DR2 определены темпы
аккреции в них (~ 10-9 Msun/yr)  и величина
магнитного поля на поверхности 
БК (107-106 Гс). 

Определены массы белых карликов в них,
(<M> = 0.78 +/- 0.13 Msun), а для части 
объектов и радиусы магнитосфер. 

Сравнение с теоретическими предсказаниями
У долгопериодических IPs более низкие dotM чем предсказывается
Вероятно, EX Hya это карликовая новая в спокойном состоянии

Howell + 2001


