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Abstract

This thesis focuses on the study of two nova systems, one in a late phase of the outburst

and the other returning to quiescence a few years after the outburst. I conducted X-ray spectral

analyses of two systems: Nova V407 Lup and Nova YZ Ret 2020. V407 Lup is classi�ed as an In-

termediate Polar, while YZ Ret is identi�ed as a VY Scl nova-like variable. The thesis is structured

into four chapters.

The �rst chapter examines the main properties of Cataclysmic Variables, progenitors of the nova

systems, and their spectral features in the X-ray and optical bands. The second one provides a

detailed overview of the two X-ray observatories used to investigate Nova V407 Lup and YZ Ret:

Chandra and XMM-Newton.

The third chapter focuses on V407 Lup and its spectral analysis. The goal was to con�rm the

magnetic nature of the white dwarf, supported by both timing and spectral analysis. The �tting

of the XMM-Newton X-ray spectra suggests the possibility that the system contains a pulsar-like

white dwarf.

The �nal chapter explores Nova YZ Ret, the �rst VY Scl type variable observed during a nova

outburst. I analyzed the RGS XMM-Newton and Chandra LETG spectra, which revealed narrow

Radiative Recombination Continua of CV, CVI, and NVI. This feature indicates a cold plasma

component with kT ∼ 2 eV mixed with the collisionally ionized hot plasma at kT ∼ 70 eV. In

conclusion, this thesis presents detailed spectral of two unique novae, enhancing our understand-

ing of their physical properties and evolutionary states. I am a co-author of two refereed articles

regarding these targets, contributing to the �eld of CV research.
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Chapter 1

Introduction

This chapter explores the fundamental characteristics of Novae, which can manifest as both

symbiotic systems and Cataclysmic Variables (CVs). Symbiotic systems typically have longer or-

bital periods due to the presence of an evolved donor star, while CVs generally exhibit shorter

periods, typically of the order of hours, as their secondary stars are typically main sequence stars.

The initial sections (Sec.1.1 and Sec.1.2) explain more in detail the properties of cataclysmic vari-

ables and the mechanisms underlying the formation of accretion discs. Sec.1.3 zooms into Clas-

sical Novae, Nova-like variables and magnetic cataclysmic variables exploring the distinguishing

traits of the two novae examined in this thesis. Speci�cally, Nova V407 Lup falls under the mag-

netic cataclysmic variables category, while YZ Ret is classi�ed as a Nova-like variable. Lastly

Sec.1.4 describes the formation of nova spectra and why observation in the X-Ray and optical

band are essential to comprehend the physics behind these objects.

1.1 Cataclysmic variables

Cataclysmic variables are close binary system consisting of a primary star, a white dwarf

(WD), and a secondary one, usually a lower mass main sequence star. The two components are

generally separated by less than a few solar radii so their interaction occurs mainly via Roche-

Lobe over�ow, leading to the formation of an accretion disk around the equatorial zone of the

WD if the star is non-magnetic. Instead, if the primary is strongly magnetized, the accreting ma-

terial is forced to follow the �elds lines falling on the magnetic poles of the WD [1]. If the WD

magnetic �eld is strong enough, the interaction between the components of the binary system is

3



Chapter 1. Introduction 4

tidal, and force the secondary to rotate synchronously with the orbital revolution. The shapes of

the orbits, also known as Roche equipotentials, are calculated imposing ΦR = const, where the

ΦR is the total potential at any point de�ned as the sum of the gravitational potential of the two

stars and the e�ective potential of the �ctitious centrifugal force. ΦR is a function of the mass

ratio q, de�ned as M(2)
M(1)

, with M(1) and M(2) being the mass of the primary and the secondary

respectively, and its scale is determined by a, the separation between the centers of mass of the

binary components. Two main factors contribute in shaping the orbits: rotation, which �atten

the star along its rotation axis, and tidal force, which stretches the star in the direction of its

companion. As we can see from Fig.1.1 equipotential surfaces are almost spherical at the inner

radius, while, if the secondary expands until it �lls its Roche Lobe reaching the inner Lagrangian

point L1, they become more elongated. L1 is the saddle point of ΦR and lies in between the

closed equipotential orbit of both stars where the e�ective attraction exactly balance. Material

at L1 is in equilibrium, but the slightest perturbation will move the mass from the Roche lobe

of the secondary into the Roche lobe of the primary [2]. The deep potential well into which the

accreting gas falls leads to high energy phenomena in the vicinity of the primary, with the result

that CVs are luminous objects in the far ultraviolet and X-ray regions [3].

CVs are classi�ed according to their di�erent outburst phenomena. Classical Novae (CN) have

only one observed eruption, but they are expected to recur. Recurrent Novae (RN) are similar to

CN, but they undergo multiple nova eruptions over time, with a recurrence timescale of decades.

Dwarf Novae (DN) exhibit semi-regular outbursts, with intervals ranging from 10 days to several

years. Their brightness typically varies by 2-5 magnitudes during these outbursts. Nova-like vari-

ables (NLS) are non eruptive CVs with stable accretion disks, showing no signi�cant outbursts.

The last class are theMagnetic CVs (mCVs) in which the magnetic �eld of the primary can disrupt

partially or totally the accretion disc [1, 4].

The period distribution of cataclysmic variables (CVs) exhibits several notable features. The max-

imum period observed in the majority of the systems is ∼ 12hr. This can be explained by the

relation between the mass of the secondary and the orbital period M2 ≈ 0.1Porb, where M2 is

in solar masses and Porb is in hours. Given that the secondary star’s mass is less than that of

the white dwarf and also less than the Chandrasekhar mass MCh ∼ 1.44M», the mass-period
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Figure 1.1: Roche lobe equipotentials. O and S are the centers of the primary and the secondary

star respectively, while G is the center of gravity. The mass ratio q is 0.5 and L1 is the inner

Lagrangian point. From [2].

relation provides maximum Porb values of 12 hours [1]. Observations indicate also the presence

of a period minimum at Porb ≈ 80min. This minimum period is associated with the secondary

star departing from thermal equilibrium until its core becomes degenerate and dominated by the

electron degeneracy pressure. At this point the typical mass-radius relation for a main sequence

star is replaced with R ∝ M−1/3causing the star to expand in response to mass loss. Conse-

quently, the binary orbit and period increase to accommodate the secondary star [1, 5].

One of the most intriguing features in the period distribution of CVs is the period gap between

2 and 3 hours. Notably, there is a signi�cant de�ciency of non magnetic CVs within this range

[4]. This gap is attributed to the cessation of mass transfer due to the loss of angular momentum

driven by magnetic braking (MB) [6]. When the donor star in the binary system becomes fully

convective at around Porb ≃ 3hr, MB abruptly ceases, reducing the mass loss rate. As a result,

the secondary star contracts and loses contact with the Roche lobe. During this phase, the loss of

orbital angular momentum is governed by gravitational radiation. When Porb ≃ 2hr the Roche

lobe shrinks su�ciently to re establish contact with the secondary [1, 5]. Using the SDSS I-IV

catalogue, Schreiber et al. derived a more precise range for the period gap in cataclysmic vari-

ables, identifying it to be between 147 and 191 minutes. Observations have shown that within
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the period gap, magnetic systems are more prevalent compared to non magnetic ones [7]. In

cataclysmic variables with a high WD magnetic moment, MB is less e�ective, resulting in a less

signi�cant contraction of the donor star. Consequently, magnetic CVs re establish contact with

the Roche lobe more quickly than their non magnetic counterparts [8].

1.2 Accretion Discs

CVs are unique natural laboratories to observe accretion discs. The in�owing gas stream from

the secondary to the primary star of the binary system has a momentum predominantly in the

orbital plane. Particles, captured by the gravitational �eld of the WD, tend to settle into circular

orbit with a Keplerian angular velocity:

ΩK(r) =

√

GM

r3
(1.1)

where M is the mass of the primary and r the distance in the radial direction. A �uid rotates

di�erentially, so there must be a radial drift of material due to the viscous shear between adjacent

layers. The energy of the shearing motion is dissipated in the �uid as heat and then radiated

away [4]. Viscosity controls the outward di�usion of angular momentum in the radial direction,

spreading the gas into an accretion disc. The surface density evolution is governed by the viscous

timescale:

tνvis(r) =
r2

νvis
(1.2)

where νvis is the viscosity. The dissipative processes spread the disc out, allowing the inner parts

to move in as a consequence of the conservation of angular momentum. If the rate at which

mass is transferred to the disc changes on a timescale longer than tνvis , than the disc settles into

a steady state and from the mass conservation equation provides the mass �ux:

Ṁ = 2πrΣ(−vrad) (1.3)

where Σ is the surface density and vrad [9]. The nova-like variable stars RW Tri, UX UMa, SW

Sex, LX Ser, V1315 Aql and V363 Aur have steady-state bright discs and the mass over�ow is

thought to be driven by loss of angular momentum through magnetic braking [10].

The nature of viscosity νvis is not easy to be determined. Shakura and Sunyaev introduced a

dimensionless parameter α, usually α f 1, to take into account all the uncertainties. Detailed
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models of CV discs found a value of α between 0.1 and 1 [11]. The authors de�ned νvis as follows:

νvis = αcsH (1.4)

in which cs is the speed of sound and Eq.1.4 may be thought as the viscosity of a turbulent eddy

of size H and turnover speed αcs [12].

The spectrum emitted by an elemental area of the accretion disc at each radius, is a blackbody

with temperature Ts(R):

Bν(Ts) ∝
ν3

e
hν

kTs − 1
(1.5)

where k is the Boltzmann constant, h the Planck constant and ν the frequency. The whole spec-

trum Sν is the integration of Eq.1.5 between the radius of the star R∗ and the radius of the outer

disc Rout:

Sν ∝

∫ Rout

R∗

Bν2πRdR ∝ ν
1

3

∫ xout

0

x
5

3dx

ex − 1
(1.6)

where x = hv
kT
, xout =

hν
kTout

and Tout is the temperature evaluated at the outer radius of the disc.

The functional form of Sν is shown in Fig.1.2. Three di�erent regions can be de�ned:

• If ν k kT
h

the spectrum drops exponentially and the emission comes from the hottest

regions of the disc.

• If kTout

h
j ν j kT

h
, then xout k 1 and Sν ∝ ν1/3 [13].

• If ν j kTout

h
, the Rayleigh-Jeans tail of the coolest elements of the disc dominates and

Sν ∝ ν2 [9].

Disc instabilities are responsible for the �ickering phenomenon from CVs discs [14]. These

instabilities are mainly due to convective and tidal e�ects [11].
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Figure 1.2: Integrated spectrum of a steady accretion disc that radiates a local blackbody spectrum

at each point. The units are arbitrary, but the frequencies corresponding to Tout, te temperature of

the outermost disc radius, and to T∗, the characteristic temperature of the inner disc, are marked

[9].
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1.3 Classi�cation of CVs

1.3.1 Classical Novae

Gas lost by the secondary star is accreted onto the WD surface and gradually forms a layer

of fuel. The bottom of this hydrogen-rich blanket is compressed by both strong gravity of the

WD and constantly infalling material, leading the electrons in the ionized hydrogen to become

degenerate [15]. As the layer thickens, the temperature at its base increases until it will become

high enough to the beginning of hydrogen fusion. Since the pressure in a degenerate gas is inde-

pendent of temperature, the onset of burning leads to a rise in temperature which is not balanced

by thermal expansion causing a thermonuclear runaway (TNR) and a classical nova explosion

(CNe) [1]. The temperature in the nuclear burning region is larger than 108 K ifMWD f 1.0M»,

while can exceed ∼ 108 K for higher mass WDs, MWD g 1.2M» [15]. The proton-proton chain

(p + e− + p → d + ν) generates energy only during the accretion phase of the outburst, before

the rise of the TNR. When the temperature at the base of the envelope rises to 2 · 107 K, CNO

cycle sets on and power the �nal stage and the evolution to the peak of the TNR [15, 4]. Mixing

of the WD outer layers with the accreted matter ensures that a su�cient number of C, N and O

nuclei can act as a catalyst during the CNO cycle [16]. The behavior of a CN event is determined

by three main factors: the mass of the WD (MWD) the temperature of the WD (TWD) and the

accretion rate from the companion (Ṁ ) [1, 17].

Instantly after a CN outburst the mass ejected is optically thick. When it becomes optically thin

we are able to detect the WD as a super soft X-ray source (SSS). Later, the X-ray luminosity pow-

ered by the hydrogen-rich remnant decreases and the CN event ends. The mass ejected into the

ISM during the outburst ranges between∼ 10−7M» and∼ 10−4M» [18]. This remnant envelope

mass is expected to undergo stable hydrogen burning throughout the SSS phase at a nearly con-

stant bolometric luminosity, until the WD atmosphere contracts to the pre-outburst radius. This

phase can last from almost ten years for MWD ≈ 0.60M» to several days for MWD ≈ 1.30M»

[19]. Continued accretion from the secondary on the WD surface provides a source of hydrogen-

rich fuel, triggering a new CN outburst. The recurrence time expected between two nova erup-

tions is proportional to the critical mass of the envelope and themass accretion rate of theWD [4].
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Novae are typically classi�ed into di�erent speed classes based on t2 and t3, which are the times

required to fade by 2 or 3 magnitudes respectively from the visual maximum. Slow novae have

t2 g 80 days, while for fast novae t2 f 80 days [20]. In the past these times were used to obtain

a rough estimation of novae distances through the maximum magnitude rate of decay (MMRD)

relation [21]. Nowadays this correlation is no longer applied, due to its huge scatter, and nova

distances are determined using the parallaxes calculated by the Gaia spacecraft [22].

CN outbursts can also occur in symbiotic systems, in which the secondary is an evolved giant

star. Their period are usually longer than 100 days [23].

1.3.2 Magnetic CVs

Magnetic CVs are a class of cataclysmic variables distinguished by the presence of a magne-

tized WD. These systems constitute∼ 20− 25% of all CVs [24] and they are further divided into

two groups depending on theWDmagnetic �eld intensity: Intermediate Polars (IP) and Polars [4].

Intermediate Polars are also known as DQ Her systems, they have orbital periods PΩ g 4hr

and their magnetic �eld strengths are in the range ∼ 5 − 20MG [24]. At these magnetic �eld

intensities, the two components of the binary system do not become locked into synchronous

rotation. Consequently, we observe two distinct periods: the spin period Pω of the WD and the

orbital period of the binary system. Typically is Pω j PΩ. Modulations in the X-ray �ux can

be detected both at the spin and the orbital periods. The modulation at Pω derives from the mis-

alignment between the magnetic and the spin axis of the WD [25]. Instead the modulation at PΩ

is due to the photoelectric absorption, since its depth decreases with the increase of the X-ray

energy [26]. IPs show accretion discs truncated at the Alfven radius RA, where the ram pressure

of the infalling gas and the magnetic pressure of the WD are in equilibrium [4].

Polars, also known as AM Her-type variables, show the presence of polarization at optical and

near-IR wavelengths. They dominate the period distribution at PΩ f 4hr [24]. Their strong

magnetic �elds, B ∼ 10− 230MG [27], are able to synchronize the two periods Pω and PΩ and

also prevent the formation of an accretion disk. The infalling gas from the companion is chan-

neled directly to the magnetic poles of the WD by the �eld lines [4].
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As the accretion �ow approaches the WD surface, it becomes highly supersonic and produces

a strong shock in a region close to the star. The accreting matter turns into a dense, subsonic and

hot plasma with T ∼ 108 K, which radiates hard X-rays at the shock front [28]. The majority of

the X-ray �ux emerges from the ∼ 10% of the WD surface [29]. The post-shock plasma cools

down via thermal bremsstrahlung in IPs [30] and via cyclotron emission in polars, due to their

high magnetic �elds [31]. A fraction of these radiation is intercepted and thermalized by the

WD surface producing an optically thick emission in the soft X-rays, which can be modeled as

a blackbody with T ∼ 105 K [32]. This component is a characteristic feature of polars spectra

[27]. IPs instead emit mostly in the hard X-rays, however some of them show a soft X-ray com-

ponent in the 30 − 100 eV. These systems are classi�ed as soft-IPs [33]. Another characteristic

of the mCVs is the emission of the FeKα lines, which results from hard X-rays generated in the

accretion column being re�ected o� the white dwarf surface. The Kα lines can be resolved into

three distinct components: �uorescence at 6.4 keV, He-like at 6.7 keV and H-like at 7.0 keV lines

[28].

The post shock region (PSR) is described by the mass continuity, the momentum and the energy

equation and by the ideal gas law [34]. The maximum temperature Ts of the PSR is strictly con-

nected to theWDmass and can be estimated using the Rankine-Hugoniot conditions for a strong

shock:

kTs =
3GMWDµmH

8RWD

[keV ] (1.7)

[35], whereMWD and RWD are the mass and radius of the WD, µ is the mean molecular weight

and mH is the mass of hydrogen atom. Using this relation we can easily determined the WD

mass. Eq.1.7 holds in the case of a pre-shock gas having a free-fall velocity from in�nity. Since in

polars and IPs the gas stream falls from the Alfvèn radius, the derived mass changes according

to:

MWD(RA) = MWD(∞)

(

1−
RWD

RA

)

(1.8)

where MWD(∞) is the mass calculated at in�nity [34]. WD masses of IPs were determined

using the X-ray spectral data from the Swift/BAT survey and the values range from ∼ 0.5M» to

∼ 1M» [36].

The density of the post shock region ρshock can be determined from the mass accretion rate Ṁ as
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follows:

Ṁ = ρshockvffA (1.9)

where vff is the free-fall velocity and A the area of the accretion column.

The magnetic �eld of the white dwarf can impact nova outbursts. Speci�cally, a strong mag-

netic �eld can inhibit convection, thereby reducing the degree of mixing and weakening the

thermonuclear runaway (TNR) [37]. On the other hand, IPs can enter in a fast magnetic rotator

regime in which the ejection of all the accreted envelope is more rapidly and occurs even when

the TNR is produced by a low degree of electron degeneracy [38].

1.3.3 Nova-like variables

Nova-like variables are characterized by the absence of disc instability-type outbursts, im-

plying that their accretion discs are permanently in an hot state. To prevent thermal-viscous

instabilities and achieve this quasi steady regime, the mass transfer from the secondary star Ṁ

must overcome a critical value Ṁcrit ∼ 10−9.5M» yr−1 [39]. However some departures exist

from the canonical steady state theory of the accretion discs. Rutten et al., using the eclipse

maps, showed that the systems V1315 Aql and SW Sex exhibit a radial temperature dependence

in the inner disc region much �atter than the theoretical one T ∝ R−3/4 [10]. Another deviation

from the predicted accretion disc picture was found in the infrared (IR) band, which is domi-

nated by the disc emission. The IR excess can originate from the circumbinary dust or from the

bremsstrahlung produced by the accretion disc wind out�ows [40]. Light curves of high inclina-

tion NLs reveal round-bottomed eclipses, which can be variable from cycle to cycle both in depth

and shape. Eclipse maps show generally symmetric discs brighter in the center with respect to

the edge. Periods of Nova-like systems lie above the period gap, between 3 and 4 hours. NLs are

also classi�ed into di�erent sub-types according to their spectroscopic properties such as SW Sex

stars or photometric variations such as VY Scl [41].

SW Sex stars are de�ned as eclipsing nova-like stars with single peaked Balmer and HeI emis-

sion lines. They are also identi�ed by a narrow central absorption component in HI and HeI line

cores, at typically around a photometric phase of φ = 0.5, at the superior conjunction of the

secondary star [4]. SW Sex-type stars are faint in X-rays. This may be due to the intrinsic ab-
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sorption or, since they are high inclination systems, to the absorption by the accretion disk [42].

Variable circular polarization was found by Rodriguez et al. in V795 Herculis [43] and LS Pegasi

[44]. The values of the WD’s magnetic �eld were ≈ 5 − 15MG for LS Pegasi and ≈ 2 − 7MG

for V795 Herculis, both consistent with what is found in IPs that show circular polarization. The

magnetic properties of SW Sex stars leads to a new accretion scenario where a disc gas stream

interacts with the white dwarf’s magnetosphere, resulting in a shock above the disc. Schmidto-

breick suggested that the SW Sex subclass could represent an evolutionary stage of cataclysmic

variables (CVs). Given that CVs experience a transition from longer to shorter orbital periods due

to angular momentum loss, and considering that all nova-like stars (NLs) with periods between

2.8− 4hr are of SW Sex type, we can infer that CVs with periods P g 4hr must evolve into the

SW Sex regime before entering the period gap [45].

VY Scl spectra present high states, dominated by the emission of the accretion disk, and low

states, in which the main component is the emission of the central WD. The latter are de�ned as

the declining of more than 1.5 magnitudes in less than 150 days [39]. These drops in magnitude

can reach 7 magnitudes and can last for years, as in the case of TT Arietis [46]. The origin of the

VY Scl low states is the abrupt decline of the mass transfer rate Ṁ , which can be explain in two

di�erent ways. The �rst involves the shielding of the WD radiation by the accretion disk [47],

while the second accounts for the presence of star spots near the L1 point and drifting across it

[48].The sudden drop of the accretion rate should in principle cause viscous instability and con-

sequently outbursts, which are not observed. Radiation fromWDs with T ≈ 40000K are able to

keep the inner disc in a hot state, avoiding the development of disc instabilities during the low

states [49]. VY Scl low states allow us to determine the WD e�ective temperature and the mass

transfer rate, since we can observe the WD directly.

1.4 Nova Spectra

Multiwavelength observations of novae provide new insights to understand the energetics of

nova explosions, the composition of the ejected material and the interaction between the ejecta

and the surrounding medium. Throughout my thesis, my primary focus was on analyzing X-ray

spectra, while my collaborators concentrated on studying the optical band. X-Ray spectra o�er
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a window to observe directly the hydrogen burning WD during the SSS phase, probing its tem-

perature, e�ective gravity and chemical composition.

Optical spectra are categorized in di�erent phases according to the development of the nova out-

burst, namely the pre-maximum, principal, di�use enhanced, orion and nebular phases [4]. The

nature of the spectral lines appearing in the spectrum is determined by the evolution of the e�ec-

tive temperature of the radiation together with the decreasing of the shell density. Immediately

after the outburst the high densities of the gas restrict the emission lines only to permitted tran-

sition of lower ionization. As the density in the expanding shell decreases, forbidden nebular

lines emerge, e.g. [NII]λ6584, [OIII]λ5007, [FeV II]λ6087 and [NeIII]λ3869. The sudden

absorption feature that appear in the Balmer and He I lines and the simultaneous presence of

FeII, OI λ8446 and [FeX]λ6375 lines indicate the existence of inhomogeneities in the novae

envelopes [50]. Old novae spectra suggest that the e�ects of the WD irradiation are signi�cant

even centuries after outburst. Features supporting this theory are the narrowness ofHα, the fad-

ing of the nebular lines and the presence of high-excitation lines even in the oldest novae [51].

The classi�cation of novae in two spectral classes, namely Fe II andHe/N novae, was proposed by

Williams to explain the presence of the Balmer lines followed by the low-ionization Fe II lines or

high-excitation He I, He II, N II and N III lines. However this classi�cation was revisited by Aydi

et al., which proved that the spectra naturally evolve from one type to another as the ejecta condi-

tions change [52]. Velocities of the ejecta are slower in the Fe II phase, FWHM f 2500 kms−1,

compared to He/N one, FWHM g 2500 kms−1. The two phases di�er also in the line pro�les.

Fe II phase shows more P Cygni line pro�le, while He/N exhibit broad, �at-topped emission lines

[53]. The evolution proceeds, as seen in Fig.1.3, throughout three main phases: early He/N phase,

during the rise to the optical peak, Fe II phase, at the optical peak and the early decline, and the

late He/N one throughout the late decline. The duration of these three stages is linked to the

speed class of novae, especially the Fe II phase lasts only few hours for very fast novae such as

V407 Lup [52].

The formation of X-Ray spectra proceeds through di�erent phases as the nova eruption pro-

gresses [54]. Hours before the optical rise a short, bright and soft X-ray (f 0.1 keV) �ash is

detected, the so-called �reball phase. This thermal emission follows directly the runaway fu-

sion, when the photosphere is expanding before the ejection of the envelope. The spectra re-
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Figure 1.3: The overall spectroscopic evolution of nova V407 Lup representing the di�erent spec-

tral stages: phase 1 (early He/N), highlighted in blue); phase 2 (Fe II), highlighted in green; phase

3 (late He/N), highlighted in orange; and the nebular phase, highlighted in black. Numbers be-

tween brackets are days after t0, the discovery date. Tick marks are presented under the lines for

easier identi�cation and they are color coded based on the line species. From [52].

sembles a blackbody with temperatures of ∼ 105 K and luminosities LX ∼ 1038erg s−1. The

duration of the �reball phase is f 8hr and it was only predicted by theoretical models since

2020, when it was detected in the nova YZ Reticuli [55, 56]. During the ejection of the envelope

novae start to emit in hard X-rays (∼ 1− 10 keV) and the spectrum enters in a shock-dominated

phase. The radiation is consistent with a plasma in collisional ionization equilibrium and it is due

to the strong shocks generated when the plasma out�owing the nova impact the circumbinary

medium. This component is typically detected a month after the eruption and reaches lumi-

nosities LX ∼ 1033−34erg s−1 [57, 58, 59]. When the ejecta becomes optically thin appears the

super-soft (SSS) phase (f 0.5 keV), which o�ers the opportunity to observe the nuclear burning
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very close to the WD surface. Super-soft spectra exhibit a blackbody continuum with absorption

or emission lines [60, 61].The last phase is the accretion-powered hard X-ray emission, typically

g 1 keV. The radiation is produced by the boundary layer (BL), namely the inner region of the

accretion disc when the gas stream from the secondary is shocked as it reaches the WD sur-

face[62].



Chapter 2

X-Rays observatories and method of

spectral analysis

In the opening paragraphs of this chapter, I present the two observatories used to investigate

Nova V407 Lup and Nova YZ Ret, namely XMM-Newton and Chandra. Additionally, in Section

2.3, I explain the spectral analysis methodology. My collaborators employed the XMM SAS and

CIAO software packages to extract the data, while I utilized xspec for analyzing X-ray spectra.

2.1 XMM-Newton X-Ray Observatory

XMM-Newton is an X-ray observatory launched by the European Space Agency (ESA) on

December 10, 1999. It is named after Sir Isaac Newton and stands for X-ray Multi-Mirror Mission.

The spacecraft, with its 4 tonne and 10m long and it is the largest scienti�c satellite aver launched

by ESA. XMM-Newton have six onboard instruments: three European Photon Imaging Camera

(EPIC) CCDs, two Re�ection Grating Spectrometer (RGS) units, and the Optical Monitor (OM),

operating simultaneously and granting access to both X-ray and Optical/UV bands.

2.1.1 The X-ray telescopes

XMM-Newton is equipped with three X-ray telescopes, two of them carrying a Re�ection

Grating Array (RGA). Each telescope, with a 7.5 m focal length, comprises a set of components,

including ba�es for both visible and X-ray suppression, a mirror module and an exit ba�e en-

suring optimal thermal conditions. Positioned before the mirror systems, X-ray ba�es function

17
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as collimators, minimizing stray light within the �eld of view (FOV) of the focal plane cameras.

Each mirror module is a grazing-incident Wolter I telescope, consisting of 58 gold-coated nested

mirrors. Because of their high energy X-rays cannot be focused in the same way as visible light,

so the optics must be aligned nearly parallel to the incoming light. Grazing incident mirrors are

used to de�ect X-rays at very shallow angles, allowing them to be focused onto detectors.The

grazing angles ranging from 17’ to 42’, while the gold coating is crucial to provide a su�cient

re�ectivity at high energies and a very shallow re�ection to X-ray at an angle of 30’. Each mirror

shell is a paraboloid and an hyperboloid replicated together in one piece and it is 60 cm long. The

outermost and innermost mirrors have a diameter of 70 cm and 30.6 cm respectively. They are

most e�cient in the energy range from 0.1 to 10 keV, with peak performance around 1.5 keV.

The optics were designed to maximize the e�ective area across a broad energy spectrum, o�ering

the largest collecting area of 1500 cm2 for energies up to 150 eV and 350 cm2 at 10 keV [63].

2.1.2 The European Photon Imaging Cameras (EPIC)

XMM-Newton’s array of telescopes is out�tted with three European Photon Imaging Cam-

eras (EPIC): two of them are Metal Oxide Semi-conductor (MOS), while the third is a pn-CCD.

These cameras facilitate high-sensitivity imaging observations across the telescope’s expansive

30 arcmin FOV, covering a broad energy range from 0.15 to 15.0 keV. The spectral and angular

resolutions are E
δE

∼ 20− 50 and ∼ 6′′FWHM respectively.

MOS CCD arrays are placed behind the telescopes and they are equipped with the gratings of

the RGS, which direct the 44 % of the incoming �ux towards the MOS cameras. There are seven

EEV type 22 front-illuminated chip arrays in the focal plane of each camera and they are o�-set

with respect to each other in order to follow the focal surface curvature of theWolter I telescopes.

The MOS cameras detect photons at the softer portion of the X-ray spectrum, while they are less

responsive for hard X-rays [64].

In contrast, the pn camera features a single silicon wafer integrating twelve 3 x 1 cm CCD chips.

Unlike its MOS counterparts, the telescope housing the pn camera lacks gratings, ensuring that

100% of the X-rays are directed to the focal plane. The back-illuminated pn chip array is slightly
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o�set from the optical axis of its X-ray telescope to guarantee that g 90% of an on-axis point

source is collected on a single pn CCD chip.

The EPIC cameras o�er di�erent data acquisition modes. For instance, the pn camera exclu-

sively supports full frame and extended full frame modes, capturing all pixels of all CCDs across

the entire FOV. Partial window mode, available for both MOS and pn cameras, enables versatile

operation. In MOS cameras, the central CCD can operate in small window mode (100 x 100 pixels)

or large window mode (300 x 300 pixels), whereas the pn camera’s large window mode reads out

half of the twelve CCDs’ area. In timing mode, MOS and pn cameras operate simultaneously,

facilitating one-dimensional imaging along the column axis.

2.1.3 The Re�ection Grating Spectrometers (RGS)

The Re�ection Grating Spectrometers (RGS) are positioned behind two of the three Wolter I

typemirrors, where they disperse incoming light intomultiple orders. They allow high resolution

measurements, E
δE

∼ 100 − 500, in the soft X-ray range from 5 to 35 Å or 2.5 to 0.33 keV and

they are optimize to detect the transitions of C, N, O, N, Mg, Si and Fe. The RGS consist of two

identical units and each unit includes an array of re�ection gratings (RGA), which intercepts

roughly half of the incoming beam and de�ects it to the Focal Plane Camera (RFC). Unde�ected

light instead passes throughwhere is detected by the EPIC-MOS in the telescope focal plane. Each

RGA is made up of 182 identical di�raction grating plates each measuring 10 x 20 cm. The groove

density is not constant across the grating surface and it is ∼ 645 lines
mm

at the center. The gratings

are mounted such that the incident and di�racted rays lie in a plane perpendicular to the grating

grooves. The RFC contains a CCD bench formed by nine back-llluminated CCDs mounted in a

row [65].

2.1.4 The Optical Monitor (OM)

The optical/UV Monitor (OM) Telescope covers UV and optical wavelengths from 170 to 650

nm and its FOV is 17’. Comprising a Telescope Module and a Digital Electronics Module, the

OM features two identical units, facilitating simultaneous multiwavelength observations across

X-ray and UV/optical bands.

The TelescopeModule adopts a modi�ed 30 cm Ritchey-Chretien design with a 3.8 m focal length.
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Here, the incoming beam undergoes re�ection �rst by the primary mirror, then directed onto the

secondary mirror, and �nally redirected by an inclined mirror towards the detector.

The Digital Electronics Module provides communications with the spacecraft and pre-process

the data. 1

2.2 Chandra X-ray Observatory

The Chandra X-ray Observatory, launched by the National Areonautics and Space Adminis-

tration (NASA) on July 23, 1999, aims to capture X-ray radiation emanating from the universe’s

hottest regions. Positioned in a high elliptical Earth orbit reaching up to an altitude of 147,400

km, Chandra is equipped with a High Resolution Mirror Assembly (HRMA), comprising a 10-meter

focal length telescope. This assembly boasts four pairs of concentric thin-walled mirrors, crafted

in aWolter I type con�guration, the largest of which boasts a diameter of 1.2 meters. Coated with

iridium to enhance re�ectivity in the X-ray spectrum, these mirrors are constructed from glass

ceramic. Each mirror pair features a paraboloid at the front and a hyperboloid at the back, with

inner and outer layers optimized for sensitivity to hard and soft X-rays, respectively. Achieving

an impressive angular resolution of 0.5 arcseconds, HRMA o�ers an e�ective area of 800 cm2 at

0.25 keV. It collaborates with four instruments, the ACIS and HRC imagers positioned in the focal

plane, which capture mirror-formed images, and the LETG and HETG spectrometers, providing

detailed insights into X-ray energy characteristics.

2.2.1 The Advanced CCD Imaging Spectrometer (ACIS)

TheAdvanced CCD Imaging Spectrometer (ACIS) is an array of tenCCDs, four front-illuminated

chips disposed in a 2 x 2 array (ACIS-I) and six arranged in a 1 x 6 array (ACIS-S). ACIS-I produces

optimal imaging, while ACIS-S is used for imaging or grating spectrum readout. The instrument

provides position, energy and arrival time of individual incoming X-rays, allowing the simultane-

ous creation of images, spectroscopy and light curves. It is mostly used to examine temperature

variations across the sources. ACIS-S can be used together with the High Energy Transmission

Grating (HETG) to improve the resolving power up to 1000 in the energy range 1.2-10.0 keV.

1XMM-Newton speci�cations are available at https://sci.esa.int/web/xmm-newton/



21 2.2. Chandra X-ray Observatory

2.2.2 The High-Resolution Camera (HRC)

The High-Resolution Camera (HRC) is formed by two Micro-Channel Plates (MCP) with two

detectors: HRC-I, intended for imaging, and HRC-S, made for spectroscopy. Each MCP is a 10 cm

square cluster of lead-oxide glass tubes, with a diameter of ∼ 10µm and a length of 1.2 mm. The

spectral resolution is negligible, so HRC must be combined together with the gratings. When

it is used with the Low-Energy Transmission Grating (LETG) the resolution is improved up to

2000 in the soft X-ray energy range 0.08-2.0 keV. This con�guration is used for high resolution

spectroscopy of soft sources such as CVs.

2.2.3 The High-Resolution Spectrometers

X-rays re�ected from the mirrors are intercept by two instruments specialized in high res-

olution spectroscopy: the High Energy Transmission Grating Spectrometer (HETGS) and the Low

Energy Transmission Grating Spectrometer (LETGS). These gratings are placed behind the mirrors

and di�ract the X-rays to one of the focal plane cameras. They allows investigation of temper-

ature, ionization and chemical composition and provide detailed energy spectra distinguishing

individual X-ray lines.

The LETG is a gold grating made of bars regular spaced with a period of ∼ 10µm. In order

to match Chandra mirrors, the gratings are installed onto a toroidal ring structure. The instru-

ment is optimized over the energy bandwidth∼ 0.09− 4 keV, corresponding to 3.1− 138Å, and

has a resolving power ∼ 1000 at 0.1 keV. The spectra of Nova YZ Ret were obtained with the

particular combination HRC-I+LETG and the calibration was accessible only up to 71Å.

The HETG consists of two arms: the High-Energy Grating(HEG), with a period ∼ 2000Å, and

the Medium-Energy Grating(MEG), with a period ∼ 4000Å. HETG covers an energy range from

0.4 to 10 keV. HEG andMEG are oriented at slightly di�erent angles so the X-rays are di�racted in

a ’X’ pattern at the focal plane. The gold coating of the gratings allows amore e�cient di�raction,

meaning that more X-rays are caught in the high resolution spectrum. 2

2Detailed informations about the Chandra X-ray observatory can be found at https://chandra.

harvard.edu/about/
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2.3 Method of spectral analysis

I performed the spectral analysis on the Chandra and XMM X-rays data with xspec v12.12.1

package in HEAsoft v6.31.1. Various models were employed, including:

• tbabs, known as the Tuebingen-Boulder ISM absorption model, which incorporates ab-

sorption due to gas, grains, and molecules in the interstellar medium (ISM). It includes

molecular hydrogen as a component and allows for variation in the equivalent hydrogen

column density nh [66].

• pcfabs, or partial covering fraction absorption model, particularly useful in modeling

Polars and IPs classes. It accounts for the additional absorption resulting from the accretion

�owwhich partially cover the X-ray source. It features two free parameters: the equivalent

hydrogen column density nh and the dimensionless covering fraction CvrFract 3.

• bbody representing a blackbody spectrum. It simulates emission from theWD atmosphere

heated by accretion columns. Its parameters include the temperature kT in keV and the

normalization constant norm, used to derive the bolometric blackbody luminosity when

the source distance is known 4.

• apec, based on the Astrophysical Plasma Emission Code, which describes emission from

a di�use plasma in collisionally-ionization equilibrium using the atomdb code v3.0.9. It

provides parameters such as plasma temperature kT in keV, redshift z, and normalization

constant norm indicating emission measure. The vapec variant allows for modi�cations

of He, C, N, O, Ne, Mg,Al, Si, S, Ar, Ca, Fe, Ni abundances relative to solar values, while the

bvapec includes also the gaussian sigma for velocity broadening[67].

• The powerlawmodel accounts for non-thermal cyclotron emission with a functional form

of A(E) = normE−α, where the photon index α and normalization constant norm are

3For detailed model information, refer to https://heasarc.gsfc.nasa.gov/xanadu/xspec/

manual/node263.html
4More information about the blackbody model can be found at https://heasarc.gsfc.nasa.gov/

xanadu/xspec/manual/node136.html
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input parameters 5.

• agauss, representing a simple gaussian pro�le, is essential fot �tting emission lines in

high-resolution spectra 6.

• redge, which is useful tomodel the Recombination RadiationContinua (RRCs) in aMaxwell-

Boltzmann distributed plasma, includes parameters such as the threshold energy and the

plasma temperature 7.

5For speci�cations about the powerlaw model, visit https://heasarc.gsfc.nasa.gov/xanadu/

xspec/manual/node221.html
6Informations about the agauss model are at https://heasarc.gsfc.nasa.gov/xanadu/xspec/

manual/node131.html
7More informations about the redge model are available at https://heasarc.gsfc.nasa.gov/

xanadu/xspec/manual/node224.html
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Chapter 3

Nova V407 Lup

In this chapter, I discuss the X-ray and optical observations of Nova V407 Lup during its

quiescent phase. The primary objective was to further investigate its magnetic nature, as it is

identi�ed as an IP candidate. The introductory paragraph provides an overview of the target’s

current understanding, followed by detailed spectral analyses conducted using data from the

XMM-Newton EPIC cameras and RGS spectrometer (Sec.3.2). Concluding the chapter (Sec.3.4),

I o�er a brief discussion on the X-ray light curve and optical spectra analyses conducted by my

collaborators.

3.1 Overview of the nova

Nova V407 Lup, also known as ASASSN-16kt, was initially detected during an outburst by

the All-Sky Automated Survey for Supernovae (ASAS-SN) on 2016 September 24, at a magni-

tude of V = 9.1 [68]. The coordinates of this nova can be found in Tab.3.1. Since its discovery,

various observations spanning optical, near-infrared, X-ray, and UV wavelengths have been con-

ducted by instruments such as SALT, SMARTS, SOAR, Chandra, Swift, and XMM-Newton, start-

ing from 2016 September 26. The nova reached its optical peak brightness of Vvis,max = 5.60mag

on September 26 2016, just 1.4 days after the initial eruption, with an impressive amplitude

Object Right ascension (RA, J2000 ) Declination (Dec, J2000) Discovery date (UT) Discovery V magnitude

Nova V407 Lup 15h29m01.82s −44◦49′40.89′′ 2016-09-24.00 9.1mag

Table 3.1: Parameter of Nova V407 Lup

25
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∼ 15mag. This rapid rise suggests a decline time t2 f 2.9 days, categorizing V407 Lup as a very

fast nova [69]. Analysis of the Swift UV light curve revealed a periodicity of 3.57 ± 0.0014hr,

correlating with the orbital period of the binary system. Furthermore, both Chandra and XMM-

Newton light curves displayed peaks occurring at periods of approximately 565.04± 0.68 s and

564.96 ± 0.50 s, respectively, indicating the spin period of the WD. These �ndings suggest the

possible presence of a magnetized WD within the system [69].

Optical spectra obtained by Izzo et al. since day 5 post-outburst revealed dominant broad emission

lines of Balmer, He I, and N III, accompanied by faint Fe II emission lines at various wavelengths.

By day 19, prominent forbidden lines of O and N emerged, indicating the onset of the nebular

phase. V407 Lup goes through the three main phases (see Sec.1.4) during the �rst three weeks [52,

70]. Later observations on days 164 and 209 show spectra dominated by broad nebular forbidden

O lines, along with Balmer and forbidden Ne and Fe lines, con�rming the nova’s advancement

into the nebular phase. The presence of Ne lines suggested a progenitor of a massive oxygen-

neon (ONe) white dwarf [70]. Additionally, the detection of 7Be, a precursor to 7Li, indicated the

capability of ONe novae to produce lithium, a�rming CNe as signi�cant contributors of stellar-

origin lithium in the Galaxy [70].

Further spectral evolution on day 250 revealed the emergence of HeII and OVI lines, with HeII

4686Å being the most prominent [52]. Evidence of accretion resumption was observed from day

325 onwards, indicated by both Swift and Chandra X-ray spectra. Swift observations revealed

hard X-ray emissions above∼ 1.5 keV, while Chandra observations suggested a decrease in �ux,

possibly due to partial obscuration of the WD by an accretion disk [52].

Estimations place the mass of the WD between 1.1 and 1.3 M», as derived from t2 and the peak

temperature of the super-soft X-ray emission, approximately 80± 10 eV [52].

Although the precise distance of Nova V407 Lup remains undetermined, Izzo et al. found d =

10.9±1.6 kpc using theMMRDmethod [70], while Gordon et al. estimated d = 4.2±0.5 kpc based

on extinction and reddening maps [59]. GAIA parallax measurements for the progenitor candi-

date within 1 arcseconds from the nova position align with a geometric distance of 4.7+6.5
−2.5 kpc

and a photogeometric distance of 8.6+4.4
−2.6 kpc [71].
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3.2 The X-ray observations

Observations of Nova V407 Lup (PI: Marina Orio) were conducted using both the XMM-

Newton EPIC cameras, operating in full window and imaging mode, and the RGS spectrometer.

The observation period started on 26 February 2020, at 02:57 UT, with a total exposure duration

of 48 ks. Within the 0.3 − 12 keV range, the MOS1 and MOS2 cameras recorded count rates of

0.039 ± 0.0013 cts s−1 and 0.0476 ± 0.0014 cts s−1, respectively. Additionally, the pn camera

detected a count rate of 0.151± 0.030 cts s−1 in the 0.2− 12 keV range. High-resolution spectra

were obtained using the RGS spectrometer, covering the 5 − 35Å (0.35 − 2.48 keV) range. The

combined count rate from RGS1 and RGS2 exposures was measured at 0.0080 ± 0.0008 cts s−1

within the RGS range.

3.3 The X-ray spectral analysis

3.3.1 The EPIC spectra

In this analysis, I present three models utilized to �t the background-subtracted spectra of

V407 Lup, extracted in the 0.3-10.0 keV range of the two MOS and in the 0.2-10.0 keV range of

the pn. To enhance the signal-to-noise ratio and improve statistics, the spectra were binned with

a minimum count requirement per energy bin. For MOS1 and MOS2, bins contained at least 50

counts, while for pn, the minimum count per bin was set to 60. In all models, a minimum column

density ofN(H) g 0.14×1022 cm−2 was assumed, based on the value provided by the HEAsoft

tool nH1, which indicated N(H) ∼ 0.154× 1022 cm−2.

Initially, I attempted to �t the spectra using a TBabs × pcfabs × (apec + apec) model, de-

noted asModel 1. The best-�t parameters and plots are presented in Tab.3.2, in Fig.3.1, and �g.3.2

respectively. Two apec components were necessary to model the hardest and softest part of the

spectra, with pcfabs utilized to account for additional absorption near the accretion poles in

IPs. Notably, the covering fraction of pcfabs was very high, ranging from 41% to 48%. How-

ever, the temperature of the second apec component, which involves almost all the unabsorbed

1For further details, visit https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.

pl
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�ux, remained poorly constrained due to signi�cant error bars, particularly when �tting MOS1

and MOS2 simultaneously.

Later, I exploredModel 2, employing TBabs× (bb+pcfabs×apec) combination. The best �t

yielded a column densityN(H) = 11.46×1022 cm−2 covering 45% of the space. The blackbody

component aimed to model WD emission, but as we can see from Tab.3.3, its temperature is not

consistent and exceeds the values for a WD, typically f 90 eV. Most of the unabsorbed �ux is

due to the apec component. The blackbody �ux instead is only a small fraction with respect to

the total, suggesting possible emission from a limited region, likely polar caps, rather than the

entire WD surface. However, this model exhibited an unexplained soft excess in the pn spectrum

as shown in Fig.3.3 and Fig.3.4.

Lastly,Model 3, namely TBabs×(powerlaw+vapec), was employed, combining a vapec, for

the soft portion of the spectra, with a powerlaw component. The latter is sometimes necessary

in �tting some X-ray spectra of IPs and involves the majority of the �ux. It may indicate a non-

thermal component probably due to synchrotron or cyclotron emission. A photon index α ≃ 1

and a vapec temperature kTvapec ≃ 0.19 keV were derived for both pn and the combined instru-

ment spectra. The other parameters are shown in Tab.3.4 while the plots are shown in Fig.3.5

and Fig.3.6. Considering possible di�erences in element abundances from solar values in novae,

I varied C, N, Ne, Mg, and Fe abundances, assuming 1/10th of solar abundances as the minimum

value. Fig.3.7 shows a corner plot, namely the 3 σ contours of the acceptable values varying two of

the following parameters: N(H), photon index α, normalization of both components and vapec

temperature with the steppar command. These four parameters are quite well constrained in a

narrow range. Abundances are not shown in the corner plot since their determination has large

errors due to limitations in resolving individual lines by EPIC cameras.

In conclusion the X-ray EPIC spectra of V407 Lup can be well �tted with bothModel 1 andModel

3, whereas Model 2 must be rejected due to the presence of a soft excess in the pn spectrum.
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Model 1: TBabs x pcfabs x (apec + apec)

Parameter MOS1+MOS2 PN MOS1+MOS2+PN

N(H)×1022 cm−2 0.19+0.12
−0.19 0.14+0.05

−0.14 0.15+0.06
−0.15

N(H)apc×1022 cm−2 22.68+57.07
−14.66 4.69+3.05

−1.63 8.24+5.46
−1.58

CvrFract b 0.48+0.27
−0.15 0.41+0.06

−0.15 0.47+0.07
−0.12

Tapec,1(keV) 0.17+0.05
−0.12 0.18± 0.02 0.17± 0.02

Tapec,2(keV) g 64 38.94+19.34
−4.59 23.86+40.14

−10.48

Normapec,1×10−4 1.52+5.54
−1.13 0.73+0.80

−0.22 0.97+1.10
−0.36

Normapec,2×10−4 11.49+5.00
−1.88 8.39+0.82

−0.65 8.47+1.71
−0.79

Fluxctotal, abs×10−12 erg cm−2 s−1 1.25 1.23 1.20

Fluxdtotal, unabs×10−12 erg cm−2 s−1 2.38 1.80 1.99

Fluxeapec1, abs×10−12 erg cm−2 s−1 0.02 0.02 0.02

Fluxf apec2, abs×10−12 erg cm−2 s−1 1.23 1.21 1.18

Fluxgapec1, unabs×10−12 erg cm−2 s−1 0.35 0.17 0.23

Fluxhapec2, unabs×10−12 erg cm−2 s−1 2.03 1.63 1.76

χ2/d.o.f 1.12 1.62 1.39

Table 3.2: Best �t parameters of the TBabs × pcfabs × (apec + apec) model. Notes. a N(H) of

the partial covering absorber. b Covering fraction of the partial covering absorber. c The total

absorbed X-Ray �ux measured in the range 0.2-10.0 keV. d The unabsorbed X-Ray �ux measured

in the range 0.2-10.0 keV. e The absorbed X-Ray �ux of the �rst apec component measured in

the range 0.2-10.0 keV. f The absorbed X-Ray �ux of the second apec component measured in the

range 0.2-10.0 keV. g The unabsorbed X-Ray �ux of the �rst apec component measured in the

range 0.2-10.0 keV. h The unabsorbed X-Ray �ux of the second apec component measured in the

range 0.2-10.0 keV.
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Figure 3.1: The upper panel shows the MOS1 and MOS2 spectra in black and red respectively.

The solid lines represent the �t with Model 1. The lower panel displays the pn spectrum. Again,

the solid lines indicate the �tting performed with Model 1. The x-axis scale is logarithmic.
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Figure 3.2: The three MOS1, MOS2 and pn spectra, respectively in red, black and blue. The solid

lines indicate the �tting performed with Model 1. The x-axis scale is logarithmic.
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Model 2: TBabs x (bb + pcfabs x apec)

Parameter MOS1+MOS2 PN MOS1+MOS2+PN

N(H) ×1022 cm−2 0.22+0.13
−0.22 0.30+0.11

−0.30 0.25± 0.10

N(H)apc×1022 cm−2 17.72+64.72
−9.80 8.19+7.96

−4.20 11.46+9.36
−4.63

CvrFractb 0.50+0.25
−0.17 0.43± 0.12 0.45+0.07

−0.09

Tbb(eV) g 90 g 90 g 90

Tapec(keV) g 25.41 16.23+23.47
−4.58 19.62+21.36

−7.19

Normbb×10−6 6.64+13.49
−4.92 11.99+18.39

−10.77 7.21+11.45
−5.32

Normapec ×10−6 980.1+547.3
−207.4 846.3+112.82

−84.84 880.1+130.55
−85.88

Fluxctotal,abs ×10−12 erg cm−2 s−1 1.22 1.21 1.21

Fluxdtotal,unabs × 10−12 erg cm−2 s−1 2.26 2.59 2.33

Fluxebb,abs × 10−12 erg cm−2 s−1 0.03 0.04 0.04

Fluxfbb,unabs × 10−12 erg cm−2 s−1 0.28 0.78 0.47

Fluxgapec,abs ×10−12 erg cm−2 s−1 1.19 1.17 1.17

Fluxhapec,unabs ×10−12 erg cm−2 s−1 1.98 1.81 1.86

χ2/d.o.f. 1.12 1.80 1.48

Table 3.3: Best �t parameters of the TBabs × (bb + pcfabs × apec) model. Notes. a N(H) of

the partially covering absorber. b Covering fraction of the partially covering absorber. c Total

absorbed �ux in the 0.2-10.0 keV range. d Total unabsorbed �ux in the 0.2-10.0 keV. range e

Absorbed �ux of the blackbody component in the 0.2-10.0 keV range. f Unabsorbed �ux of the

blackbody component in the 0.2-10.0 keV range. g Absorbed �ux of the apec component in the

0.2-10.0 keV. h Unabsorbed �ux of the apec component in the 0.2-10.0 keV
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Figure 3.3: The upper panel shows the MOS1 and MOS2 spectra in black and red respectively.

The solid lines represent the �t with Model 2. The lower panel displays the pn spectrum. Again,

the solid lines indicate the �tting performed with Model 2. The x-axis scale is logarithmic.
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Figure 3.4: The three MOS1, MOS2 and pn spectra, respectively in red, black and blue. The solid

lines indicate the �tting performed with Model 2. The x-axis scale is logarithmic.
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Model 3: TBabs x (powerlaw + vapec)

Parameter PN MOS1+MOS2+PN

N(H)×1022 cm−2 0.16+0.17
−0.16 0.14+0.08

−0.14

PhoIndex(α)a 1.02+0.19
−0.08 0.99+0.07

−0.05

Normpow×10−5 8.83+2.65
−0.99 8.32+0.88

−0.45

Tvapec(keV) 0.19+0.06
−0.03 0.19+0.08

−0.04

Normvapec×10−5 5.28+137.5
−3.35 4.12+5.10

−1.33

C 6.78+80.01
−6.78 8.23+25.27

−8.23

N 0.77+6.44
−0.77 1.15+7.49

−1.15

Ne 0.10+1.83
−0.10 0.51+2.10

−0.51

Mg f 0.1 f 0.1

Fe 1.44+14.98
−1.44 1.05+16.41

−1.05

Fluxbtotal,abs ×10−12 erg cm−2 s−1 1.26 1.25

Fluxctotal,unabs × 10−12 erg cm−2 s−1 1.51 1.45

Fluxdpow,abs × 10−12 erg cm−2 s−1 1.23 1.22

Fluxepow,unabs × 10−12 erg cm−2 s−1 1.35 1.32

Fluxfvapec,abs × 10−12 erg cm−2 s−1 0.03 0.03

Fluxgvapec,unabs × 10−12 erg cm−2 s−1 0.16 0.13

χ 2/d.o.f. 1.86 1.51

Table 3.4: Best �t parameters of the TBabs × (powerlaw + vapec) model. Notes. a Photon

index of power law (dimensionless). b Total absorbed X-Ray �ux in the 0.2-10.0 keV range. c Total

unabsorbed �ux in the 0.2-10.0 keV range. d Absorbed �ux of the powerlaw component in the

0.2-10.0 keV range . e Unabsorbed �ux of the powerlaw component in the 0.2-10.0 keV range. f

Absorbed �ux of the vapec component in the 0.2-10.0 keV range. g Unabsorbed �ux of the vapec

component in the 0.2-10.0 keV range.
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Figure 3.5: The upper panel shows the MOS1 and MOS2 spectra in black and red respectively.

The solid lines represent the �t with Model 3. The lower panel displays the pn spectrum. Again,

the solid lines indicate the �tting performed with Model 3. The x-axis scale is logarithmic.
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Figure 3.6: The three MOS1, MOS2 and pn spectra, respectively in red, black and blue. The solid

lines indicate the �tting performed with Model 3. The x-axis scale is logarithmic.
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Figure 3.7: Contours plots ofModel3. The red, green and blue solid lines correspond respectively

to the 68%, 90% and 99% con�dence levels.
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3.3.2 The RGS spectrum

I conducted the RGS analysis by simultaneously utilizing both the �rst (RGS1) and second-

order (RGS2) spectra, which were then coadded. They are respectively denoted as RGS1 + RGS2

and RGS. To improve the signal-to-noise ratio and thus better statistics, all the spectra were

binned with a minimum of 10 counts per energy bin.

Initially, I attempted tomodel the RGS usingModel A, comprising a combination of a blackbody

and a vapec component, expressed as Tbabs× (bb + vapec). The best-�t parameters revealed a

blackbody temperature Tbb of approximately 42.52 eV and a vapec temperature Tvapec of roughly

1.30 keV. Predominantly, the �ux arise from the blackbody, with all abundances enhanced relative

to solar values, as detailed in Tab.3.5. However, the �t was not rigorous, evident from Fig.3.8, with

aχ2 < 1 due to the RGS spectrum’s low signal-to-noise ratio. Consequently, abundance error bars

could not be accurately determined. Tab.3.7 and Tab.3.8, along with Fig.3.10, present the identi-

�cation of spectral lines using the atomDB v3.0.9 database2. This classi�cation contributes in

understanding the distribution of elements across the RGS energy range. Slight discrepancies in

identi�cation arise when plotting RGS1 and RGS2 simultaneously or when coadded, attributable

to di�ering signal-to-noise ratios. However, the RGS classi�cation holds greater reliability.

An improved �t was achieved withModel B, featuring two vapec components to cover both

the softer and harder portions of the spectrum. The best-�t parameters and plots are detailed

in Tab.3.6 and Fig.3.9, indicating vapec temperatures of 1.25 and 0.24 keV, respectively. While

the RGS lacks sensitivity to the hard spectrum, it does reveal that emission lines, if attributed to

collisional ionization equilibrium thermal components, originate from regions with varied tem-

peratures, even in the lower energy range. Notably, theNaX line at 11.191Å couldn’t be �tted due

to the limitation of apec which includes only solar abundances of sodium. However, allowing

other elements to vary resulted in all elements being enhanced relative to solar abundances, ex-

cept for Mg, which exhibited strong depletion, and Fe and N, which mirrored solar abundances.

Unfortunately, achieving a statistically signi�cant �t together with the EPIC cameras was not

possible due to the low signal-to-noise ratio.

2For more information, visit http://www.atomdb.org/Webguide/webguide.php
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Figure 3.8: The black dots represents the coadded RGS1 and RGS2 spectra within the 5-35 Å range,

while the solid red line shows the �t with Model A.
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Model A: TBabs x (bb + vapec)

Parameter RGS

N(H)×1022 cm−2 0.14+0.10
−0.14

Tbb(eV) 42.52+7.27
−6.70

Normbb×10−4 14.08+14.59
−3.47

Tvapec(keV) 1.30+0.36
−0.23

Normvapec×10−4 2.46+11.11
−1.28

C 74.16

N 5.78

O 7.35

Si 19.97

Fe 3.02

Fluxatotal,abs ×10−12 erg cm−2 s−1 1.86

Fluxbtotal,unabs × 10−12 erg cm−2 s−1 5.65

Fluxcbb,abs × 10−12 erg cm−2 s−1 0.67

Fluxdbb,unabs × 10−12 erg cm−2 s−1 3.95

Fluxevapec,abs × 10−12 erg cm−2 s−1 1.19

Fluxfvapec,unabs × 10−12 erg cm−2 s−1 1.70

χ 2/d.o.f. 0.81

Table 3.5: Best �t parameters of the TBabs× (bb+ vapec)model. Notes. a Total absorbed X-Ray

�ux in the 0.35-2.48 keV range. b Total unabsorbed �ux in the 0.35-2.48 keV range. c Absorbed

�ux of the blackbody component in the 0.35-2.48 keV range . d Unabsorbed �ux of the blackbody

component in the 0.35-2.48 keV range. e Absorbed �ux of the vapec component in the 0.35-2.48

keV range. f Unabsorbed �ux of the vapec component in the 0.35-2.48 keV range.
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Model B: TBabs x (vapec + vapec)

Parameter RGS

N(H)×1022 cm−2 0.14+0.07
−0.14

Tvapec,1(keV) 1.25+0.28
−0.11

Normvapec, 1×10−5 8.13+75.82
−7.27

Tvapec, 2(keV) 0.24+0.04
−0.03

Normvapec, 2×10−5 18.82+201.03
−19.54

C 17.37

N 1.08

O 0.77

Ne 3.67

Mg f 0.1

Al g 100

Si 54.85

S 94.42

Ar 73.98

Ca 71.22

Fe 1.04

Ni g 100

Fluxatotal,abs ×10−12 erg cm−2 s−1 1.89

Fluxbtotal,unabs × 10−12 erg cm−2 s−1 5.00

Fluxcvapec1,abs × 10−12 erg cm−2 s−1 1.11

Fluxdvapec1,unabs × 10−12 erg cm−2 s−1 0.78

Fluxevapec2,abs × 10−12 erg cm−2 s−1 3.58

Fluxfvapec2,unabs × 10−12 erg cm−2 s−1 1.42

χ 2/d.o.f. 0.95

Table 3.6: Best �t parameters of the TBabs× (bb+ vapec)model. Notes. a Total absorbed X-Ray

�ux in the 0.35-2.48 keV range. b Total unabsorbed �ux in the 0.35-2.48 keV range. c Absorbed

�ux of the blackbody component in the 0.35-2.48 keV range . d Unabsorbed �ux of the blackbody

component in the 0.35-2.48 keV range. e Absorbed �ux of the vapec component in the 0.35-2.48

keV range. f Unabsorbed �ux of the vapec component in the 0.35-2.48 keV range.
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Figure 3.9: The black dots represents the coadded RGS1 and RGS2 spectra within the 5-35 Å range,

while the solid red line shows the �t with Model B.

RGS1 + RGS2

Line Wavelength (Å)

Si XIV 6.180

Ne IX 11.547

Ne IX 13.447

N VI 24.962

C VI 28.466

N VI 28.780

C VI 33.734

Table 3.7: Spectral lines identi�cation of the �rst and second order spectra plot simultaneously.
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RGS

Line Wavelength (Å)

Si XIV 6.180

Si XIII 6.648

Na X 11.191

Fe XIX 13.518

O VII 18.932

N VI 28.787

Fe XVII 31.878

Ca XII 33.014

Table 3.8: Spectral lines identi�cation of the coadded RGS1 and RGS2 spectra



45 3.3. The X-ray spectral analysis

Figure 3.10: The upper panel shows the spectral lines identi�cation when the RGS1 and RGS2

spectra, outlined in black and red respectively, are plotted together. The bottom panel illustrates

the classi�cation of the coadded RGS spectrum.
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3.4 Work done by my collaborators

In the following sections (Sec. 3.4.1 and Sec. 3.4.2), I provide a concise overview of the timing

and optical spectra analyses performed by my collaborators.

3.4.1 The timing analysis

The Lombe-Scargle algorithm

The Lomb-Scargle algorithm is a method for detecting periodic signals in unevenly spaced

time-series data, particularly useful in in X-ray light curves. Given a set of observations (ti, xi),

where xi is measured at a set of time ti, the Lombe-Scargle periodogram Pω at angular frequency

ω is de�ned as:

P (ω) =
1

2

[

(
∑

i yi cosω(ti − τ))2
∑

i cos
2 ω(ti − τ)

+
(
∑

i yi sinω(ti − τ))2
∑

i sin
2 ω(ti − τ)

]

(3.1)

where τ is a phase o�set introduced to account for the uneven spacing of the time series data. It

is de�ned as:

tan(2ωτ) =

∑

i sin 2ωti
∑

i cos 2ωti
(3.2)

It ensures that the periodic signal is accurately detected even with irregular sampling [72]. The

periodogram is used because, if the sample xi contains a sinusoidal component with frequency

ω0, the sine and cosine functions at and near ω = ω0 are in phase, making a larger contribution

to the sums in Eq.3.1.

The analysis of the light curve

The timing analysis is a key point to con�rm the magnetic nature of Nova V407 Lup. It was

performed by Martin Melicherč́ik, using the Lombe-Scargle algorithm (see above)3. The light

curves and background were extracted from a circular region, with a radius of 15”, centered and

o�set relative to the source, respectively. Consistent with the X-ray analysis, the binning for

MOS1, MOS2, and pn was maintained, with the exclusion of the last 4.5 ks region across all

instruments due to increased background levels. The analysis revealed a periodicity of 565.64 s,

3They used the python’s package Astropy [73, 74, 75]
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as shown in Fig. 3.11, with varying con�dence levels: 99.9 % for pn, 93 % for MOS1, and 34 %

for MOS2. To determine the statistical error of the pn, a Gaussian function was �tted to its peak,

yielding a sigma error parameter of approximately 3.10 s. Recognizing the dependency of this

error on the periodogram resolution, further estimations were conducted through simulations.

By �tting a sine function to the pn light curve with the periodicity �xed at 565.64 s, simulations

of ten thousand light curves with added Poisson noise was performed. From these simulations,

the periodogram was calculated for each and identi�ed the peak periodicity. Subsequently, the

resulting histogram of periodicities was �tted with a Gaussian function, yielding a value for the

statistical uncertainty of σ = 0.33. Thus, the period with a 1σ error is 565.68 ± 0.33 s. Similar

analyses were conducted for MOS1 and MOS2, yielding respective results of 566.18± 0.81 s and

564.36±0.92 s. Despite the lower con�dence level obtained with the MOS1 data, the consistency

among the three periods is evident. The highly signi�cant pn result, together with its robust

con�dence level, supports the de�nitive presence of periodic modulation in the X-ray light curve.



Chapter 3. Nova V407 Lup 48

Figure 3.11: Periodograms calculated from all three X-ray light curves from XMM.The power of

a peak at the 90%, 99% and 99.9% con�dence levels is indicated by the red horizontal lines.
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3.4.2 The optical spectra analysis

Observations of Nova V407 Lup were conducted using the High Resolution Spectrograph

(HRS) at the South African Large Telescope (SALT) in the optical range spanning 3700− 8900Å.

The telescope operated at a low-resolution mode, speci�cally with a resolving power of R ∼

14.000. These observations were distributed across �ve epochs: four occurred between 2019

February 22 and 2019 March 27, with the �nal epoch on 2022 May 10. Spectral analysis and

line classi�cation, as shown in Fig.3.12 and Fig.3.13, were conducted using IRAF v 2.16.1 by Dr.

Stefano Ciroi. Throughout all epochs, prominent emission Balmer lines were observed alongside

the Bowen �uorescence, occasionally found in magnetic systems [76], and the He II lines at 4541,

5411, and 4685.7Å. These He II lines exhibit high ionization potentials, with a transition occurring

at 54.4 eV. However, as illustrated in Tab.3.9, the [O III] and [N II] nebular lines were not detected

in the 2022 observations. This suggests the presence of nebular emission for at least 2.5 years

following the nova outburst, which ceased after 5.5 years. Due to the non available absolute �ux

calibration, only the level above the continuum and the equivalent width (EW) could be used for

line analysis. The EW of He II and Hα exhibited variability within the measurement errors, with

no observable intensity decline between 2019 and 2022. However, the He II 5411Å line exhibited

�uctuations across the �ve epochs, potentially indicating multiple components within it.
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Table 3.9: The table shows the nominal and measured wavelength of each line, the continuum

�ux level assumed under each line, the �ux in the line above the assumed continuum level, the

root mean square of the �ux to indicate the noise level, the equivalent width with its error, the

height of the Gaussian and of the Lorentzian functions, the equivalent widths of the Gaussian

and of the Lorentzian.
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Figure 3.12: The non-dereddened optical spectra of Nova V407 Lup taken in 2019 during the �rst

4 epochs. The �ux is in arbitrary unity and the spectra are shifted for clarity.

Figure 3.13: The non-dereddened optical spectrum of Nova V407 Lup taken in 2022 during the

last epoch.
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3.5 Discussion

Observations conducted during the resumption of quiescent accretion have con�rmed Nova

V407 Lup as an Intermediate Polar. A supersoft component, observed 3.5 years post-outburst,

can be modeled with a thermal plasma ranging from 150−200 eV, suggesting an origin di�erent

from residual nuclear burning. Furthermore, the detection of several prominent lines in the low

signal-to-noise ratio RGS spectrum implies the soft spectrummay comprisemultiple components.

The identi�cation of the hardest component of the spectrum, �tted with a powerlaw, raises the

possibility of V407 Lup being a WD pulsar like AR Sco [77] or the WD in J191213.72 - 441045.1

[78]. In such a scenario, the strong magnetic �eld of the WD could accelerate particles from the

companion’s atmosphere, potentially generating non-thermal synchrotron emission. However,

this remains speculative, and further observation is required for clari�cation. The detection of

periodic modulation at 565.64 s, aligned with the WD’s spin period, underlines its binary IP

nature. Optical spectra prove the presence of a highly energetic photoionizing source even 5.5

years post-outburst. However, the disappearance of [O III] lines between 2019 and 2022 indicates

signi�cant dispersion of the nebula, probably started 2.5 years after the outburst.



Chapter 4

Nova YZ Ret 2020

This chapter focuses on Nova YZ Ret 2020. Section 4.1 presents the current understanding of

the nova. In Section 4.3, I present the analysis conducted on the XMM RGS and the the Chandra

LEGTS spectrum. Finally, Section 4.2 highlights the key �ndings from the density diagnostics

performed by my collaborators.

4.1 The nova outburst

The nova was discovered in outburst at 5th magnitude on 2020 July 15.It was later determined

that the optical maximum occurred on 2020 July 11 at 3.7 mag, making it visible to the naked eye.

However, pre-discovery images from ASAS-SN indicate the eruption began on 2020 July 08 [79].

The optical spectrum evolved over the following days. Initially, YZ Ret was classi�ed as a Fe

II-type nova following the eruption onset and as a He/N-types on later days [80]. The WD in the

systemwas estimated to be of the ONe type, based on an observed overabundance of oxygen [81].

An X-ray �ash was detected a few hours before the optical rise on 2020 July 7 by the Spec-

trum–Roentgen–Gamma (SRG) instrument onboard of eROSITA. This event, lasting no more

than eight hours, was recognized as the �reball phase. The spectrum during this phase was con-

sistent with a blackbody at a temperature of 3× 105 K [56]. The very short duration of the �ash

and the VY Scl classi�cation of the system [79] constraint the mass of the WD, estimated to be

f 1.3M» [55].

53
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Object YZ Ret

Right ascension (RA, J2000 ) 3h58m29.56s

Declination (Dec, J2000) −54◦46′41.2′′

Galactic longitude (l, J2000) 265◦.3975

Galactic latitude (b, J2000) −46◦.3954

Eruption date (t0,UT) 2020-07-08.171

Table 4.1: Parameter of Nova YZ Ret

During the �rst two weeks the nova was detected in hard γ-rays (0.1-1 GeV) with Fermi-LAT, and

in hard X-rays (3-79 keV) with NuSTAR. Spectral �tting revealed unusual abundances, suggesting

a plasma either de�cient in iron or overabundant in oxygen and neon [79]. NICER observations,

starting on 2020 September 28, detected a super soft source (SSS) �ux that was likely due to the

ejecta being either shocked or photoionized, rather than emission from the WD. The low X-ray

luminosity of only about 2.5× 1035 erg s−1 is attributed to the high inclination of the system, as

no stellar continuum was detected [82].

The distance was estimated to be d = 2.53+0.52
−0.26Kpc by the Gaia/eDR3 catalogue [71]. Given its

galactic coordinates (see Tab.4.1) the nova is located 1.8 kpc below the galactic disk. Due to its dis-

tance from the galactic plane the column density was estimated to be onlyNH = 1.2×1020 cm−2

[82]. The orbital period was obtained by Schaefer et al. to be Porb = 3.18hrs [83].

4.2 Diagnostic methods for high resolution spectra

High-resolution spectra enable us to determine the temperature, densities, and EmissionMea-

sure (EM) of the X-ray source. For YZ Ret, three diagnostic methods have been employed to ac-

curately model the spectrum: He-like lines, the EM, and Radiative Recombination Continuum

(RRC).

These methods are based on a collisional-radiative (CR) model, which assumes that all the ions

are collisionally-ionized, excited by electrons and in a steady state. The predicted line intensity

(in units of ph s−1cm−3) of a transition between two bound states j and i, where j > i is:

Iji = njAji (4.1)
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where nj (cm−3) is the number density of ions at level j and Aji is the Einstein coe�cient for

spontaneous radiative decay. Electron temperatures Te and densities ne can be derive from the

level population.

4.2.1 The Helium-like triplet diagnostic

A common diagnostic for X-ray sources involves the He-like triplet, which includes three key

transitions from the n = 2 to the ground state 1s2 1S0. These transitions are:

• From 1s2s 3S1 (forbidden line, denoted as f )

• From 1s2p 3P1,2 (intercombination lines, denoted as i)

• From 1s2p 1P1 (resonance line, denoted as r)

These lines are often referred to as w (resonance), x and y (intercombination) and z (forbid-

den), as shown in Fig.4.1 . Since the 1s2s is a metastable long-lived state, the line ratio can be

expressed as follows:

R(ne) =
f

i
(4.2)

At low electron density the n = 2 levels decay radiatively, either directly to the ground state

or via cascades. In this regime, the relative intensities of the forbidden, intercombination, and

resonance lines are independent of electron density. However, as the ne increases, collisional

processes become signi�cant and Eq.4.2 becomes sensitive to ne when collisional de-excitations

are comparable to spontaneous emissions. In this high-density regime, collisional excitations

depopulate the 1s2s 3S1 level by exciting electrons to the 1s2p 3P1,2. This process reduces the

intensity of the forbidden line and increases the intensity of the intercombination lines, leading

to a decrease of the the ratio R(ne) [84].The electron density can be determined by computing

the expected ratios from the CR model and comparing them with the observed ratios.
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Figure 4.1: Simpli�ed level scheme for Helium-like ions. w (or r), x,y (or i), and z (or f): resonance,

intercombination, and forbidden lines, respectively. Full upward arrows: collisional excitation

transitions, broken arrows: radiative transitions (including photo-excitation from 3S1 to 3P0,1,2

levels, and 2-photon continuum from 1S0 to the ground level), and thick skew arrows: recombi-

nation plus cascade processes. From [84].
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4.2.2 EM diagnostic

The emission measured can be used to derive the volume of the emitted plasma. Indeed the

EM is de�ne as EM ∼ nenHV , where nH is the hydrogen column density. Once the distance d

to the source is known, EM can be directly obtained both from the �ux of the spectrum model F

and the �ux of discrete features like Radiative Recombination Continua, FRRC (see Sec.4.2.3).

In the �rst case, the �ux in Xspec is parametrized as:

F =
10−14EM

4πd2
(4.3)

Using the RRC, the formula becomes:

FRRC =
fqAZα

RREM

4πd2
(4.4)

where fq is the ion fraction,AZ the elemental abundance and αRR is the Radiative Recombination

rate coe�cient.

4.2.3 The Radiative Recombination Continua (RRCs)

The high-resolution spectra from XMM and Chandra allow for the determination of electron

temperature Te and density using new diagnostics based on Radiative Recombination Continua.

Radiative recombination occurs when an electron collides and recombines with an ion, emitting

a photon in the process. This creates a continuous spectrum with sharp edges at the ionization

energy of the atom Eion, since the kinetic energy of the electron is not quantized. The energy

distribution follows the Maxwell-Boltzmann one:

f(E) =











0, E < Eion

C

kTe

e−
(E−Eion)

kTe E g Eion

(4.5)

where C is the �ux normalization constant. This feature of the spectrum is usually hard to dis-

criminate from the continua, but in cold plasmas (Te f 105 K) the RRC can be easily recognized

providing a Te diagnostic.

In the case of very bright RRC, also the Rydberg series of high-n converging onto it can be re-

solved, providing a density diagnostic. Collisional ionization rates increase with n, so at some

nmax the observed X-ray line is dominated by collisional ionization rather than radiative decay,



Chapter 4. Nova YZ Ret 2020 58

truncating the series. Since collisional ionization rates SCI increases with ne while radiative

decays do not, the upper and lower limits of ne can be de�ned as:

Anmax+1, 1

SCI
nmax+1

< ne <
Anmax,1

SCI
nmax

(4.6)

So nmax, which is the e�ective width of the RRC edge, is a sensitive diagnostic of ne.

4.3 Spectral analysis

4.3.1 The XMM Newton RGS spectrum

The novawas observedwith the XMMNewton 77 days after the initial eruption. Observations

took place from 2020 September 23 13:36 to 2020 September 23 21:22 UT (OBS ID: 0871010101; PI:

Sokolovsky). Both RGS1 and RGS2 �rst order spectra were used covering the wavelength energy

range 5− 37Å, namely 0.33− 2.5 keV.

As shown in Fig.4.2 the RGS1 and RGS2 spectra display numerous features and various com-

ponent were used to �t the spectra. The best-�t model includes:

• a tbabs component in order to model the galactic absorption, set to the value of NH =

1.2× 1020 cm−2.

• a bvapec representing the out�owing collisionally ionized plasma.

• three redge components to �t the RRCs of NV, CVI and CVI peaking respectively at

22.3 , 25.2 and 31.45Å.

• a series of agauss components to correct the amplitudes of the high-n lines converging

to the CV and CVI RRCs.

Tab.4.2 and Fig.4.3 show the best �t parameters and the �tted spectrum respectively. The

presence of the RRCs with kT ∼ 2 eV indicates the existence of a colder plasma component

interacting with the collisionally ionized plasma at ∼ 73 eV. From the redshift parameter of

the bvapec component, we infer an out�ow velocity of ∼ −1504 kms−1, with the negative

sign indicating a blueshift of the lines, meaning that the ejecta is out�owing toward us. The C

abundance is set to the unity, since this is complemented by the RRC. Unfortunately the model
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provides only the N and Ca abundances and an upper limit to the O abundance. Mg, Si, S, Ar

and Fe were settled to the values obtained from the analysis of the Chandra spectrum and the

remaining elements were assumed to be at solar values. As shown in panel e of Fig.4.3 satellite

lines due to dielectronic recombination (DR Sat) are also present between 33.8-34.4 Å and 35-35.8

Å. This process occurs when an electron recombines with an ion in an excited state and excites

a second electron simultaneously. The ion is left in a highly excited state, which may decay

radiatively, creating a satellite line. These lines are named so because they appear at slightly

longer wavelengths than the normal transitions from electrons in that energy level, due to the

additional recombined electron being in an excited state.

XMM Newton

Parameter RGS

Tbvapec(eV) 73± 1

velocitybvapec(km s−1) −1504± 12

σv, bvapec(km s−1) 520± 4

TCV RRC(eV) 1.96± 0.04

TCVI RRC(eV) 1.9± 0.2

TNVI RRC(eV) f 1.5

C 1.00

N 0.81± 0.03

O f 5× 10−4

Ca 1.2± 0.1

Fluxabvapec ×10−3 ph cm−2 s−1 184± 2

FluxbCV RRC ×10−3 ph cm−2 s−1 24.2± 0.4

FluxcCV IRRC ×10−3 ph cm−2 s−1 0.5± 0.05

FluxdNV IRRC ×10−3 ph cm−2 s−1 0.05± 0.02

Table 4.2: Best �t parameters of the XMM Newton RGS model. Notes. a X-Ray �ux of the bvapec

component in the 0.3-0.7 keV range. b X-Ray �ux of the CV RRC component in the 0.3-0.7 keV

range. c X-Ray �ux of the CVI RRC component in the 0.3-0.7 keV range. d X-Ray �ux of the NVI

RRC component in the 0.3-0.7 keV range.
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Figure 4.2: Fluxed spectrum of nova YZ Ret, observed in 2020-09-23 by XMM-Newton/RGS 77

days after the eruption. Black and red data are, respectively, RGS 1 and 2. Spectral lines of

N+5,C+4, and C+5 are identi�ed. The most prominent spectral feature is the narrow RRC of C+4

at 31.5Å, along with the C+4 He series converging to it. The much fainter narrow C+5 RRC is

just barely observed around 25.2Å, along with the C+5 Lyman series. From [85]

Notes The notation used for the ions follows atomic physics conventions: C+4 corresponds to

CV, C+5 to CVI, and N+5 to NVI. Greek letters denote the lines of the Lyman and He series

converging to the RRCs.
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Figure 4.3: The full spectrum of YZ Ret observed by XMM-Newton RGS in the range of 20 −

37Å. The spectrum shows emission lines of several ions such as C+4, C+5, N+5. The solid line

represents the �tted model of a velocity broadened collisionally ionized plasma (bvapec) with 3

colder RRC components forC+4,C+5 andN+5 (redge), along with a series of gaussians to correct

the amplitudes of the C+4 and C+5 high-n transitions (agauss). Note that the y-axis scale of the

di�erent panels is not the same. From [85].

Notes The notation used for the ions follows atomic physics conventions: C+4 corresponds to

CV, C+5 to CVI, and N+5 to NVI. Greek letters denote the lines of the Lyman and He series

converging to the RRCs.
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4.3.2 The Chandra LETG spectrum

Observations with the Chandra LETG were conducted on 31 October 2020, 38 days after the

XMM Newton observations and 115 days after the initial eruption. Due to the unavailability of

the usual HRC-S+LETG combination, the HRC-I was used to obtain a spectrum in the 1.2− 71Å

range. The data were extracted using the Chandra CIAO data analysis package v 4.14.1., and the

two �rst-order spectra were summed to increase the signal-to-noise ratio.

The spectrum analysis was performed with a binning of 20 counts per bin over the range of

10 − 70Å. As the source was signi�cantly fainter at this epoch compared to the XMM-Newton

observations, the only prominent features were the CV RRC and thermal line emission of colli-

sionally ionized plasma. The best �t model is a combination of Tbabs×(redge+bvapec). Tab.4.3

shows the best �t parameters, while Fig.4.4 illustrates the data along with the �tted model. The

out�owing velocity, the CV RRC and collisionally ionized temperature are consistent with XMM

Newton model. The cut-o� energy of the redge component is set to 393.6 eV, corresponding

to 31.5Å, which is the peak wavelength of the CVI RRC. The kinematic broadening could not

be constrained by the model and was �xed at the RGS best-�t value of σv = 520kms−1. The

NH value of the tbabs component is set to 1.2 × 1020 cm−2. The χ 2/d.o.f. is relatively low, as

expected for high-resolution spectra. The LETG spectrum allows us to constraint the abundances

of Mg, Si, S, Ar and Fe. Additionally, I classi�ed the spectral lines across the entire spectrum using

the ATOMDB tool 1. The results are shown in Fig.4.5 and Tab.4.4.

1For more informations visit http://app.atomdb.org/
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Figure 4.4: The spectrum of YZ Ret in the range 10−70Å. The red solid line represent the �tting

with the Tbabs× (redge+ bvapec) model. The lower panel displays the residuals from the �t.
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Chandra

Parameter LETG

Tbvapec(eV) 65± 5

velocitybvapec(km s−1) −1468± 90

normbvapec×10−4 7.05+3.80
−3.23

TCV RRC(eV) f 2.1

normCV RRC×10−4 467.8+105.7
−104.7

C 1.00

N 0.7± 0.4

O f 0.2

Mg 1.5± 0.6

Ar 1.5± 0.4

Si 1.1± 0.4

S 1.7± 0.4

Ca f 6.6

Fe 4.4± 3.3

Fluxabvapec ×10−3 ph cm−2 s−1 4.4± 0.5

FluxbCV RRC ×10−3 ph cm−2 s−1 0.9± 0.3

χ 2/d.o.f. 0.75

Table 4.3: Best �t parameters of the Tbabs× (redge+ bvapec)model. Notes. a X-Ray �ux of the

bvapec component in the 0.3-0.7 keV range. b X-Ray �ux of the CV RRC component in the 0.3-0.7

keV range.
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RGS

Line Wavelength (Å)

C V 31.481

C V 33.193

C VI 33.575

C IV 34.869

C V 40.069

Si IX 43.969

S X 44.500

Si IX 45.087

Fe XX 45.631

S XIII 45.969

Fe XVIII 46.106

S IX 47.206

Si X 48.088

Fe XIX 49.731

Si IX 52.481

Si IX 53.788

Fe XIII 60.606

Fe XII 62.513

Ni XII 67.656

Table 4.4: Identi�cation of spectral lines in the Chandra LETG spectrum.
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Figure 4.5: Spectral line classi�cation of the Chandra LETG spectrum in the range of 20− 70Å.

The portion between 10− 20Å is not shown as no lines were identi�ed in that range. The RRC

is highlighted in red.
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4.4 Completion of the project with the atomic physics diag-

nostics

My collaborators, Dr. Ehud Behar and Sharon Mitrani, employed three di�erent diagnostic

methods as discussed in Sec.4.2 to derive the density and EM from the XMM Newton spectrum.

Initially, the CV RRC was utilized to derive a density diagnostic. This region was modeled with

RRC and a series of Gaussians representing the Rydberg series. The theoretical wavelengths of

the unresolved CV lines from n to 1s transitions were calculated up to n = 7 using the Rydberg

formula, with their Gaussian widths set to the best-�t value of σv = 520 kms−1. The high-n

levels were blended together, and their amplitudes up to n = 9 were �tted freely with Xspec.

For n g 10 line intensities were scaled as n−3 to follow the Einstein coe�cient trend. Once the

wavelengths and widths of the lines were �xed, �ts were performed by adding one Gaussian at

a time to obtain a Cstat value [86]. The best �t was achieved when nmax = 35, corresponding to

the minimum value of the Cstat function. A zoom into the CV RRC region between 30 − 33.5Å

is presented in Fig.4.6, along with the transitions up to 35. As shown in Fig.4.7, ∆Cstat = 1,

highlighted with black dots, corresponds to nmax = 35+10
−5 . To measure ne from nmax, both A and

SCI are needed, which scale as n−3 and n2log(n) [87], respectively,for n g 10. From Eq.4.6:

ne ≃
Anmax→1

SCI
nmax→∞

∝
n−5
max

log(nmax)
(4.7)

Using nmax = 35+10
−5 the value of ne can be found, which corresponds to ne,CV = (2.4+3.0

−1.8) ×

1011cm−3. Similarly, applying the same diagnostic to the CVI RRC observed at 25.2Å yields

ne,CV I = (1.7 ± 0.4) × 1011cm−3. Unfortunately, the low �ux of the NVI RRC precludes the

�tting of the high-n series and thus, no density diagnostic.

The plasma density was determined from the ratio of the NVI triplet lines, calculated using Eq.4.2.

The intercombinatio(i), forbidden(f) and resonance(r) lines, �tted with the three gaussians, are

presented in Fig.4.8. The measured
f

i
ratio is R(ne)NV I = 1.1± 0.2, indicating ne,2eV = (1.7±

0.4)× 1011cm−3 for the cold 2 eV plasma component and ne,70eV = (5.8± 0.7)× 1010cm−3 for

the hot 70 eV plasma component. Fig.4.9 presents the computed
f

i
ratio as a function of ne. The

density calculated for the 2 eV plasma component is consistent with the value obtained from the

RRC measurement, while the density calculated for the 70 eV component is too low and falls
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Figure 4.6: The 2020 RGS spectrum of YZ Ret in the range 30− 33.5Å highlighting the C+4 RRC

region. Black and red data are RGS 1, and 2, respectively. The solid line is a model �tting the

RRC, and the n to 1 Rydberg series up to nmax as gaussians. From [85].

Notes The notation used for the ions follows atomic physics conventions, so C+4 corresponds

to CV.

outside the range inferred from the RRC.

The density ne and the distance of YZ Ret were used to determined the emitted volume of both

the hot and cold plasma components (see Sec.4.2.2). The calculations were performed using d =

(1.7 ± 0.4) × 1021 cm [71], a solar carbon abundance of AC = 4 × 10−4 and the density value

ne,CV I = (1.7± 0.4)× 1011 cm−3. For the cold plasma component Eq.4.4 was used together with

the recombination coe�cients αRR
CV = 2.33×10−12 cm−3 s−1 and αRR

CV I = 3.15×10−12 cm−3 s−1,

to obtain VCV = (8±4)×1035 cm−3 and VCV I = (1.2±0.6)×1034 cm3 respectively. The volume

of the hot plasma component is calculated from Eq.4.3, assuming
ne

nH

= 1.2 density ratio for a

fully ionized, solar abundance plasma. The value obtained is Vhot = (6± 3)× 1035 cm−3, which

is consistent with the volume inferred for the cold component. This result con�rms the mixing

the two plasmas.
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Figure 4.7: Values ofCstat obtained from �tting the Rydberg series up to nmax, the maximal n → 1

transition included in the model for C+4 (left) and C+5 (right). The minimal Cstat value (red dot)

and uncertainty region of∆Cstat = 1 (black dots) yield nmax = 35+10
−5 forC+4, and nmax = 38(>

27) for C+5, which from Eq.4.6 indicates an electron density of ne,RRC = (2.4+3.0
−10 ) × 1011cm−3

(for C+4) and ne,RRC = (1.6(< 9.6))× 1011cm−3 (for C+5) at 90% con�dence. From [85].

Notes The notation used for the ions follows atomic physics conventions: C+4 corresponds to

CV and C+5 to CVI.

Figure 4.8: The r, i, f lines of NVI observed in the YZ Ret RGS spectrum. The measured f
i
ratio is

1.1± 0.2. From [85].
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Figure 4.9: Computed f
i
ratio as a function of ne for kTe = 2eV (blue) and 70eV (green). The blue

dashed line is the measured f
i
ratio in the spectrum. Shaded areas indicate uncertainties. The

measured ratio indicates a density of ne = (1.7± 0.4)× 1011cm−3, for 2 eV, fully consistent with

ne,RRC = (2.4+3.0
−1.8)× 1011cm−3, which is represented by the red shaded area. From [85].
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4.5 Discussion

Both X-ray spectra, obtained 77 and 115 days post-eruption, exhibit emission lines without

any indication of thermal emission from the supersoft source (SSS).

Recombination and cooling timescales can be deduced from the electron density, ne = 1011 cm−3.

For the CVI RRC trec =
1

αRRne
∼ 30 s, using α = 3 × 10−13. Instead the radiative cooling time

for an ionized plasma at kT = 70 eV can be calculated from τ =
kT

neΛ
≃ 10s, with the cooling

function Λ ≃ 10−22erg cm3 s−1. A longer recombination timescale compared to the cooling

timescale suggests that these regions can remain ionized and emit energy for extended periods,

implying continuous heating potentially attributed to a shock over the 38-day period.

The RGS and LEGT spectra exhibit both a hot and a cold plasma component, but the �ux of the hot

plasma dim by a factor 40 in the LEGT spectrum (see Tab.4.3 and Tab.4.2). However the out�ow

velocity remains constant at∼ 1500 kms−1, indicating that the shock front is moving outwards,

reaching ∼ 2.5 × 1014 cm during the RGS observations. The opening angle Ω of the �ow can

be determined using the thin shell geometry. According to this theory V = Ωr2δr, where δr ∼

vτ ∼ 109 cm is the width of the shell during the RGS epoch. Replacing Vhot = (6±3)×1035 cm−3

and r ∼ 2.5 × 1014 cm implies Ω ∼ 8 × 10−4 sr, suggesting small blobs of the ejecta due to the

narrow opening angle.

The connection between the hot and cold plasma can be deduced from their similar volumes and

out�ow velocities. In the case of YZ Ret, the charged ions may either be immersed within a dense

cold gas or originate from impact with the accretion disk, contributing to the formation of the

narrow RRC.
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Chapter 5

Conclusions

Analyzing the XMM-Newton and Chandra X-ray spectra of novae during both quiescence

and outburst phases provides valuable insights into the physics of these objects. In this thesis, I

investigated two peculiar novae: V407 Lup, a member of the magnetic CV class, and YZ Ret, the

�rst VY Scl type nova observed during an outburst.

Spectral and timing analysis of Nova V407 Lup during its quiescent phase con�rmed its classi�-

cation as an Intermediate Polar. The XMM-Newton EPIC spectra were modeled with either two

thermal collisionally ionized plasma components at ∼ 0.17 keV and ∼ 24 keV or with a pow-

erlaw with a �at slope α ∼ 1. The latter model suggested the possibility that V407 Lup hosts a

pulsar white dwarf. Analysis of the XMM-Newton RGS spectrum revealed enhanced abundances

of all elements relative to solar values, except for Mg, which showed strong depletion, and Fe

and N, which mirrored solar abundances. Timing analysis con�rmed the spin period of the WD

Pω ∼ 564.64±0.64 s, corresponding to the period measured in outburst. Optical analysis pointed

out the dispersion of the ejecta, as the [O III] were no longer detectable in 2022.

Observations of YZ Ret using two high-resolution gratings, XMM-Newton RGS and Chandra

LETG, shortly after its outburst provided a unique opportunity to study a VY Scl nova in an un-

conventional phase. Both spectra were characterized by emission lines without signs of thermal

emission from the supersoft source. The spectra revealed two plasma components: a hotter com-

ponent at∼ 70eV and a colder component at∼ 2 eV inferred from the narrow RRC. The volumes

of the two plasmas and the out�ow velocity suggest a mixing between them. Density diagnostics,

using both the NVI triplet and the RRCs, indicated an electron density ne ∼ 1011 cm−3.

In summary, the detailed spectral and timing analysis of these two novae enhances our under-
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standing of their physical properties and evolutionary states, contributing to our knowledge of

cataclysmic variables.
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