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ABSTRACT

We present the orbital-phase resolved analysis of FO Aqr data obtained with X-ray Multi-Mirror Mission (XMM–
Newton),. We detect modulation of the spin pulse amplitudes over the orbital period. The amplitude variations 
are in phase with the orbital modulation. The spectral parameters also show changes over the orbital period. 
One of the absorption components increase by a factor of 4 between the orbital minimum and maximum. We 
interpret that this absorption arises from the bulge where accretion disk impacts the disk. The absorption due to 
accretion curtains which affect the spin variation plays no part in orbital variations.

INTRODUCTION

FO Aqr is a compact binary belonging to the sub-category intermediate polars (IPs) of the cataclysmic variables 
(CVs) which are composed of a white dwarf accreting material from a Roche lobe filling main sequence star. IPs 
have white dwarfs with a magnetic field of 1-10 MG. The accretion occurs through a truncated disk and via 
accretion curtains to the magnetic poles of the white dwarf (see Warner 2003).

FO Aqr is a well studied IP, with a constant orbital period of 4.85 hr; and white dwarf spin period of 20.9 min. 
which shows an erratic behaviour. The accretion happens both via a disk and stream flowing above the disk 
Hellier (1993).  The system changes modes as disk and stream fed accretion becomes dominant. The orbital 
variation in the X-rays arises due to vertical structures on the disk and the accretion stream (Mukai, Ishida & 
Osborne 1994; Norton, Beardmore & Taylor 1996; Beardmore et al. 1998; Evans et al. 2004). 

The spin pulse shape of the system is complicated, with a quasi-sinusoiadal component and a notch after a "dip" 
caused by the accretion curtains. The pulse profile does not change over the orbital phase however may vary 
between nearly sinusodial to saw-tooth shapes at different observations (Evans et al. 2004; Hellier 1993; 
Beardmore et al. 1998).

The X-ray spectrum of the source can be represented with a multiple plasma emission component, complex 
absorption and Gaussian lines (e.g. Mukai, Ishida & Osborne 1994; Yuasa et al. 2010). A broad-band spectrum 
using INTEGRAL/IBIS and SWIFT/XRT data also revealed a plausible blackbody component (Landi et al. 2009).

In this work, 35 ks observation of FO Aqr obtained with XMM-Newton on 12 May 2001 (OBS ID: 0009650201) is 
studied. EPIC pn data are used throughout the analysis due to better response. Background subtracted spectra 
and light curves were created with SAS tools. The light curves were then folded on the orbital and spin periods 
The phase resolved spectra were then extracted for each 0.1 phase interval from 0 to 1. Spectra were fitted with 
models using XSPEC (see Results for the models and parameters). 

RESULTS

Spectral variations over the orbit 

10 spectra were extracted for each 0.1 orbital phase interval. Each spectra were fitted with a composite model of 
simple absorption model (WABS), two partial covering absorption models (PCFABS); three plasma emission 
models at different temperatures (MEKAL) and a Gaussian emission line at 6.4 keV (Fe Kα) Variations of 
spectral parameters for each orbital phase bin were investigated. Orbital minima additionally fited with a model of 
a simple absorption model (WABS), a partial covering absorption model (PCFABS), a warm absorber model 
(WARMABS), three plasma emission models at different temperatures (MEKAL) and a Gaussian emission line at 
6.4 keV (Fe Kα). 
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Spectral parameters derived from each orbital phase of 0.1 in the 0.3-10 keV range. The given errors correspond to 2 σ confidence level for 
a single parameter.

The orbital-phase resolved spectra of FO Aqr for each 0.1 phase bin interval. The left-hand panel shows phases 0.6 (green) 0.7 (dark-blue), 
0.8 (red), 0.9 (black) and 1.0 (light-blue). The right-hand panel shows the phases 0.8 (purple-pink) and the rest of the phases 0.1-0.5. Notice 

the spectral differences on the left-hand side during orbital minima and how the spectra are different for the rest of the phases



The variation of plasma temperatures of three different MEKAL components over the orbital phase.



The variation of NH parameter of the  partial covering absorber components (pcfabs1 and pcfabs2) over the orbital period



The composite model with warm absorber fitted to the orbital minima on the left. On the right, only the model itself is plotted.

Spin modulations over the orbit 

10 light curves were extracted for each 0.1 orbital phase interval. Extracted light curves were then folded over 
the spin period. Each folded light curve were fitted with a simple sine curve. Semi-amplitude variations over the 
orbital phase were investigated. 



The spin pulse profile of FO Aqr for each 0.1 orbital phase interval.

The semi-amplitude variation of the spin pulses (below), together with the orbital flux variation (above).



DISCUSSION

The source shows spectral variability over the orbital period. One distinct variation is seen in NH parameter of 

the second absorption component (pcfabs2). It shows direct correlation with the orbital flux and the value 

changes by a factor of four, going from 3.75 × 1022 cm-2 to 17.45 × 1022 cm-2 from orbital maximum to orbital 
minimum. The other absorption component (pcfabs1) shows no variation with the orbital motion with higher 

values than the second component ranging between 16.5-26.5 × 1022 cm-2. Hence it can be inferred that the 
varying absorption component associates with a bulge on the disk and/or the hot spot. This approach is 
consistent with Hellier (1993) where a bulge on the disk is accounted for.  The other component can be 
associated to the absorption due to spin (i.e. From the accretion curtains), which explains the constant behaviour 
of the absorption parameter. Since the spin period is significantly smaller than the orbital period, the absorption 
effects due to spin average out.

Another significantly varying parameter is the temperature of the third plasma emission. While the other two 
plasma components show no distinct variation, it maximizes at the orbital minimum. This plasma component is 
the one with the highest temperature, hence the spectrum hardens during the orbital minima, supporting the 
absorption from bulge on the disk. 

The orbital minimum spectrum can be represented with a warm absorber model with a χν
2 of 1.4 with values  log 

ξ = 2.2 (ξ = L/ner2) and NH = 6.5 × 1022 cm-2 which is the ionized absorption column. The above mentioned 

bulge on the disk or the hot spot can be the source of this warm absorber in the system.

The spin pulse profiles of the system does not change with the orbital phase. They all have the same sinusoidal 
shape with minimum around phase 0.5 and maximum around phase 1.0. However, the semi-amplitude of the 
spin variations change with the orbital motion changing from 36% at orbital maximum to 14% at orbital minimum. 
This again shows that we can clearly distinguish the absorption effects due to orbital motion from the spin.
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