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Fig. 1 Schematic view of a Be star at critical rotation and with a flared disk. The lower part shows example
spectral profiles from pole-on to shell Be stars

k Aql have virtually identical spectra both in the visual and UV-region10, including
weak Ha emission, yet the former is classified B0.5 Ib, the latter B0.5 III. Their weak
emission does not come from a disk, even if it is found on both sides of the line,
similarly to Be stars, but rather originates in an angular momentum conserving stellar
wind type outflow (see, e.g., Kaufer et al 2006 for HD 64760 and Puls et al 2008
for a general review of hot star winds, and the typically much stronger winds of
supergiants).

Herbig Stars: Among the B stars with emission lines situated closer to the main
sequence in the Hertzsprung-Russell-Diagram, Herbig Ae/Be stars are easiest to con-
fuse with classical Be stars. These are young stellar objects in the final stages of
accretion, generally with fossil gaseous disks (Waters and Waelkens 1998). The more
active earlier types are quite distinct in emission morphology and variability, often
showing P Cygni and inverse P Cygni profiles, making it easy to tell them apart (Ale-
cian 2011). More quiet objects, however, can be (and have been) mistaken for clas-
sical Be stars, like 51 Oph (B9.5 V), which was counted as a classical Be star until a
strong infrared excess due to dust was discovered (Waters et al 1988). Such an excess
has never been seen in a classical Be star, so that infrared or mm observations well
distinguish the two classes.

10 Spectra are available from the ESO (http://archive.eso.org/) and IUE (http://archive.
stsci.edu/iue/) archives.
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Classical Be stars

  

● The circumstellar disc is a cloud of material that has been 

ejected from the star itself.

● The disc of material is hot, though cooler than the star itself.

● It is generally assumed that it is a result of the high spin velocity 

of the star that creates the circumstellar material. The force of 

gravity hardly compensates for the centrifugal force at the 

equator.

• Classical Be (CBe) stars are O-B and early A-type stars which have Balmer 
Hydrogen and other lines in emission, or they had in the past. 

•  CBe stars as very rapidly rotating and non-radially pulsating B 
stars, forming a decretion disk. 

•  Decretion disk is an outwardly diffusing gaseous Keplerian 
disk. 

•  Decretion disk is fed by mass ejected from the central star, and its 
further fate, after formation, is governed by viscosity. 

•  Binarity or magnetic fields, are under investigation. 

•  Mass-transfer mechanism between star and disk is still unclear. 
. 



more info: iphas.org

 (Corradi et al. 2008)

 IPHAS survey

The IPHAS Survey 4

Figure 1.1: The transmission profiles of the H↵, Sloan r0 and i0 filters used in all
IPHAS observations. The r0 and i0 filter profiles are plotted as solid lines, whilst the
H↵ profile is shown dashed. The dotted line is the mean WFC CCD response at the

cooled working temperature. (figure from Drew et al. (2005). )

converging beam of the INT/WFC. The central wavelength of the Sloan i0 filter

is 7743 Å. The survey has two broad-band filters in order to give a continuum-

dominated colour with which the (r0-H↵) excess measurement can be compared.

It has been shown in the past (Robertson & Jordan, 1989) that this is importand

for distinguishing between a genuine H↵ emission excess and a molecular band

dominated late-type stellar spectrum: in such cases, large (r0 - H↵) ’colour’ will

correlate with relatively extreme (r0 � i0). More information of the strategy can

be found on the description of the IPHAS survey (Drew et al., 2005) in Section 3.

The exposure times in the three filters were set at 120 s (H↵), 30 s (r0) and 10 s

(i0).



 IPHAS survey

IPHAS bright sample with FLWO/FAST

• Follow up spectroscopy at Fred Lawrence Whipple 
with the 1.5m telescope and the FAST spectrograph

• Started at 2005 and finished at 2012

• 2627 Spectra of which ≈70% are CBe stars

• The limits in r magnitude are between 13-17

http://almostequal.net/
http://almostequal.net/


Spectra classification

O8V
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B3V
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G0V

G5V
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•  MK classification  system

•  Template fit

•  BCD classification system

Not friendly for automatizations

Needs relatively high resolution 

Needs relatively high resolution 

Lines are contaminated with 
emission in Be stars. 

Needs relatively high resolution 

Needs flux calibration  

Friendly for automatizations

Friendly for automatizations

wings of lines are contaminated 
with emission

Performs with low resolution 

Full formalized for physical 
parameters



BCD classification system 
• The basic parameters that describe the energy around BD are: 

• D, the Balmer jump depth(dex), an effective 
temperature indicator.

• λ1, the average position of the BD, given as the 
difference λ1-3700Å, very sensitive to log g.

• ϕb,  the color gradient,  which is the continuum 
near the BD.

• ϕuv, the slope of the Balmer continuum.
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The BCD parameters 14
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Figure 1.7: Explanation of the BCD(D,�1, �r

b, �
uv

) parameters for non-emission line
stars.

temperature than that expected for the studied star. In our procedure we adopted

the Planck fuction as advised in Zorec et al. 2009, so that D is:

D = log[
F3700+/B3700

F3700�/B3700
]dex. (1.2)

For the average spectral position of the BD we use the point of intersection between

the curve continuum of the spectrum and the average of the two continuum fluxes.

To calculate the line that represents the average of the fluxes (�
rb

and �
uv

is deter-

mined by the points logF
�

�D/2, for the Paschen side with � = 4000, 4150, 4300Å

and )logF3700 + D/2 for the UV side. )

�
b

,which is the flux gradient for � = 4000�4600Å, was introduced first in 1955 to

distinguish B-type from F-type stars with the same (D,�1) pairs. In present the

work we use �
b

to calculate the Paschen gradient and to estimate ISM reddening

as we show in equation (1). To obtain color gradients we worked as it is defined

from (Allen 1976):

http://en.wikipedia.org/wiki/%C3%85
http://en.wikipedia.org/wiki/%C3%85


BCD classification system 

 (Zorec J. et al. 2009)

 (Zorec J. et al. 1991)

 (Chalonge & Divan 1973)

 (Chalonge & Divan 1953)

Each star is defined by a unique point(D, λ1, ϕb)

• The normal stars are near the Σ surface.

• Metal-poor stars are behind the Σ 
surface.

• Metal-rich stars are in front of the Σ 
surface.

http://es.wikipedia.org/wiki/%CE%A3
http://es.wikipedia.org/wiki/%CE%A3
http://es.wikipedia.org/wiki/%CE%A3
http://es.wikipedia.org/wiki/%CE%A3
http://es.wikipedia.org/wiki/%CE%A3
http://es.wikipedia.org/wiki/%CE%A3
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Fig. A.1: Changes of the energy distribution in the spectral interval 0.325  �  0.6 µm induced by a circumstellar disc around
stars of spectral type O9V, B2V and B5V. In the figure are indicated the wavelength �D at which is measured D⇤, and the central
wavelength �V of the V magnitude. In the column log n, n is given in units of N/1012 with [N] = cm�3

Table A.1: Measurement errors induced by the circumstellar
emission/absorption on the estimate of the photospheric com-
ponent D⇤ BD and on the corresponding absolute magnitude
MV(�1,D⇤) determination.

log N/1012 �1.0 �0.8 �0.6 �0.4 �0.2 0.0 +0.2
Sp.T D⇤ Dobs

⇤ � D⇤
O8V 0.049 0.000 0.000 �0.001 �0.002 �0.005 �0.012 �0.023
B2V 0.130 0.000 �0.001 �0.002 �0.004 �0.009 �0.020 �0.038
log N/1012 �1.6 �1.4 �1.2 �1.0 �0.8 �0.6 �0.4
B5V 0.261 0.000 0.000 0.000 0.000 �0.001 �0.002 �0.005

�MV
O8V �0.01 �0.02 �0.02 �0.04 �0.09 �0.21 �0.41
O8III �0.01 �0.01 �0.00 �0.03 �0.07 �0.16 �0.30
B2V �0.01 �0.02 �0.02 �0.06 �0.14 �0.30 �0.60
B2III �0.01 �0.02 �0.02 �0.04 �0.10 �0.23 �0.45
B5V 0.00 0.00 0.00 0.00 �0.01 �0.02 �0.06
B5III 0.00 0.00 0.00 0.00 �0.01 �0.02 �0.05

in Moujtahid et al. (2000a), while its density follows the power-
law deduced in Zorec et al. (2007) that was needed to account
for the F ii emission lines. For the models shown in Fig. A.1 we
used stellar spectra given by Kurucz (1993) for: Te↵ = 30 000 K,
log g = 4.0 (O9V); Te↵ = 22 500 K, log g = 4.0 (B2V); Te↵ =
15 000 K, log g = 4.0 (B5V). In these models, the spectral region
near F+�D

is only sketched to avoid detailed calculations of the
level occupation probabilities in the upper hydrogen atomic level
and the corresponding truncation of partition functions (Hummer
& Mihalas 1988) that would necessarily allow for the still badly
mastered non-ideal e↵ects (Rohrmann & Zorec 2006).

The spectrophotometric behaviors shown in Fig. A.1 are an
excerpt of many other that can be obtained by just changing the
aspect angle i. The amount of continuum emission and absorp-
tion also depends on the size and opening angle of the lemniscat-
like shaped circumstellar envelope. As much it concerns the
present models, it is rather di�cult to obtain shell-phase in very
hot stars, on the contrary, Be and shell phases can be obtained

easily for B2-type objects, and late type B would rather dis-
play shell aspects. According to the e↵ective temperature among
early type CBe stars, the emission in the second BD is accom-
panied either by a reddening or a blueing of the Paschen con-
tinuum. In late type CBe stars, the shell-absorption seems being
not accompanied by any significant change of the color of the
Paschen continuum energy distribution. In all these cases, we
can note that when the emission or the absorption in the second
BD vary a lot, the phospheric energy jump at the BD remains
remarkably unchanged.

In Table A.1 are given the values of D⇤ for the unperturbed
stars, as well as the errors �D⇤ = Dobs

⇤ � D⇤ committed on
the D⇤-determination carried by the e↵ects a) and b) described
above. Because we are not interested at giving detailed physi-
cal interpretations of the calculated e↵ects, the parameter log n
must be regarded only as a way to produce a given amount of
continuum emission or absorption. We should thus pay attention
only on these amounts and conclude that the events labeled with
log n = 0.0 and +0.2 are rather extreme and rarely observed. In
this respect, we note that in the compilation made by Moujtahid
et al. (1998), which actually corresponds to spotted measure-
ments concerning otherwise long-term Be-star "bumper" activity
(Cook et al. 1995; Hubert & Floquet 1998; Hubert et al. 2000;
Keller et al. 2002; Mennickent et al. 2002; de Wit et al. 2006),
the magnitude changes are of the order of 0.1 . �V . 0.2 mag
and rarely as high as �V . 0.5 mag.

In the lower part of Table A.1 are also given the errors �MV
that �D⇤ values would produce on the visual absolute magni-
tude MV(�1,D⇤). We notice that in all cases the �MV errors are
smaller than the amplitude of MV(�1,D⇤) values that may con-
cern a single average MK spectral type (Zorec & Briot 1991).

Let us finally mention that errors made on the estimate of D⇤
can be somewhat reduced if the color e↵ect acting on the extrap-
olated F+�D

flux, which resembles that of an increased interstellar
extinction, is taken into account by using

Article number, page 12 of 27
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Figure 4.1: V magnitude distribution of the galactic CBe stars in the BeSS database
(grey) and the IPHAS CBe star sample (red).
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Figure 4.2: Full sky map of the known CBe stars. In red we plot the whole BeSS
catalogue and in light blue our 649 stars we provide the analisis and an extra sample

of 276 CBe stars that we confirm spectroscopically.
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Figure 3.2: Histogram distribution of theCBe stars spectral types found in this work.

classification.

Interstellar absorption is calculated by means of the expression 1.1:

A
⌫

= 3.1E(B � V ) = 1.7(�
rb

� �0
rb

) = 2.1(�
b

� �0
b

)mag

(Aidelman et al. 2012), where �0
b

is the intrinsic gradient obtained from D and �1

by means of the calibration given in Chalonge & Divan (1973). The mean error of

the E(B � V ) obtained in this way is 0.012 mag.

Absolute magnitudes in the Johnson V band (M
V

) are directly obtained from the

D and �1 parameters by means of the calibration given in Table 3 of Zorec &

Briot (1991). The calibration is constructed for the range 0.0 < D < 0.5dex and

30 < �1 < 70Å. Stars with spectral indices outside this range have no M
V

val-

ues in Table 2 . M
V

magnitudes are converted to absolute IPHAS r magnitudes

using the intrinsic (V � R
C

) colours for dwarfs and giants supplied by Fabregat

(in preparation), and assuming that Cousins R
C

and IPHAS r magnitudes in the

Vega system are identical within the errors involved in our procedure.

Distances are obtained by means of the standard spectroscopic parallax techniques,

by comparing the absolute M
r

magnitudes with the observed r magnitudes sup-

plied in the IPHAS Second Data Release (IPHAS DR2, Barentsen et al. (2014)),

IPHAS CBe stars catalogue 55
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Figure 3.3: Colour-colour diagram of the IPHAS CBe star sample. Red dots represent
the stars studied in this work, blue dots the stars in Raddi et al. (2015) and black crosses
the remaining stars (see text). The black solid curves are synthetic main sequence loci
(Drew et al., 2005). The lower dashed curve is the early A reddening line, and the
dot-dashed curves are lines of constant H↵ emission, whit the corresponding equivalent
width indicated on the left-hand side. On the bottom-right side of the figure the mean

colour uncertainties are indicated.

corrected for the interstellar absorption and the circumstellar excess due to the

added flux of the disc emission. The intrinsic r magnitudes corrected for interstel-

lar absorption were computed using the relationship A
r

= 0.84A
V

, from Fiorucci

& Munari (2003).

To correct for CBe circumstellar continuum emission we used the procedure de-

scribed in Chapter 1, which follows the method presented in Raddi et al. (2013)

and Dachs et al. (1988), based on the correlation between H↵EW and the circum-

stellar colour excess Ecs(B � V ). From these values we obtain the circumstellar

emission in the r band, �r, by interpolating in Table 5 of Raddi et al. (2013).

The �r correction applied for each source is given in Table 2 .

To obtain the bolometric magnitudes we calculate the bolometric correction as
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Figure 3.6: Distribution in the HR diagram of the IPHAS CBe stars. The evolution-
ary tracks are fromEkström et al. (2012), without rotation e↵ect.
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Figure 3.9: Histogram of the rotational velocities. In red we show the luminosity
class V and in black the classes IV and III

where R
eq

is the equatorial stellar radius and v0 = v
rot

(R
eq

) (Dachs et al., 1992).

Three distinct idealized cases for the disc kinematics have been considered for the

support of the disc, depending of the choice of the exponent j: i) j = 1 when the

dominant force on the material is the radially directed radiation pressure that does

not exert any torque, and hence the specific angular momentum of the material

is conserved; ii): j = �1 corresponds to rigid rotation, as in the case of plasma

trapped by a strong magnetic field and forced to corotate with the star; iii):

j = 1/2 in the case of a Keplerian velocity field, in which the disc is rotationally

supported. Recent theoretical developments and observational evidence eventually

confirmed the case of Keplerian rotation (see Rivinius et al. (2013) for references),

which is nowadays generally accepted. From our data we can independently derive

the type of rotational velocity law, by means of the relationship between the peak

separation in double-peaked profile lines, �V , and the equivalent width H↵EW

of these lines for a sample of stars, derived by Hanuschik (1988)

log(
�V

2V sini
) = �↵ log[�H

↵

(EQW )] + b (3.12)

where a = j/2, and b is related to the electron density in the disc. We calculated

this relationship for a sample of 91 CBe stars for which we have both �V and vsini,
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3.3 Rotational Velocities

It is now well established that CBe stars as a class are fast rotators, with a wide

distribution of rotational velocities between about 75% and 100% of the critical

value (the velocity at which material will escape from the equator due to the

centrifugal force). To obtain the mean rotational velocity of our sample, we have

computed for each star the ratio between the measured velocity and the critical

one, which we label as ⌥ following the notation proposed by Rivinius et al. (2013):

⌥ =
v
rot

v
crit

(3.8)

Where

v
crit

=

r
2

3

GM

R
(3.9)

M and R are the mass and radius of the star derived in the previous section.

We assume that the obtained radii are representative of the polar radius of each

star as, due to gravity darkening, for near critical rotators a large fraction of

the photospheric light used to derive the radiative parameters come for the polar

regions. With this assumption, the factor 2/3 in eq. 3.9 comes from the oblateness

of R
eq

= 3/2R
pole

for critical solid body rotation. In 3.8 we present the distribution

of the ⌥ values for our sample.

The mean value of the distribution is ⌥ sin i = 0.65 ± 0.23. To derive the mean

rotational velocity we used the relation given by Chandrasekhar & Münch (1950):

⌥

⌥ sin i
=

4

⇡
= 1.27 (3.10)

We obtain ⌥ = 0.82 ± 0.17, where the quoted error is the root mean square devi-

ation, also computed following the above reference. This indicates that the CBe

stars in our sample rotate with a mean value of 82% of their critical velocity. This

value is in good agreement with other previous determinations from di↵erent CBe

star samples in the recent literature, for instance ⌥ = 0.83 ± 0.03 Chauville et al.

(2001), ⌥ = 0.81 ± 0.12 Rivinius et al. (2006) and ⌥ = 0.82 ± 0.08 Meilland et al.

(2012).

Yudin (2001) and Cranmer (2005) found a strong dependence of the rotational

velocity on the spectral type, with a mean value of ⌥ ⇡ 0.5 for the early-type

(O7e–B2e) stars and an increase as T
eff

decreases which reach up to ⌥ ⇡ 1.0 for
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Figure 4.3: Comparison of the vsini distributions of our sample and the total sample
of the BeSS database.

stars of all ages evenly distributed between the ZAMS and the TAMS, and a few

of them slightly more evolved. Our results do not support the claims of an evolu-

tionary nature of the Be phenomenon.

Finally, we have studied the distribution of the star positions along the Galactic

plane. The distribution of the stars does not present any apparent clustering in

or around the arms which define the Galactic structure. Instead, they appear

scatered along them and the space in between, with some stars spreaded along

larger distances, beyond the expected location of the Outer Arm.

4.1 Variability of Be stars

All the targets were first detected from IPHAS colour-colour diagrams as strong

H↵ emitters. However, the spectra of 20 stars (⇡ 2.7% of the sample) displayed

the H↵ line in absorption. One of the interpratations of this fact is that are cov-

ered by the error of the IPHAS photometry. We present the colour-colour diagram

of the non-emitters as they were detected by Witham et al. (2008) and from the

known Be stars
IPHAS Be stars

IV, III, II classes

V classes

82% break up velocity
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Figure 3.1: H↵ emission line profiles we found out in our sample. Up left we present
an example of single-peak profile. Up right, a double peak as the midle left. A shell
profile in the midle right figure. On the bottom left a left side peak profile and on the

bottom right we have a triple peak or an uncanonical peak profile.

The e↵ective temperature is obtained by means of the calibration given by Zorec

et al. (2009). This calibration is applicable in the range 0.0 < D < 0.5. Stars

with D > 0.5 appear with a T
eff

< 9500K in Table 1 . The mean error of our

T
eff

determination is 8%, as discussed in the previus chapter. Spectral type and

luminosity class are obtained from the same reference, by interpolating the D and

�1 values of each star in their Fig. 10b. The distribution of the spectral types

is presented in 3.2. Only two stars have been classified as Oe, namely stars #73

and #739 in Tables 1 and 2 , with spectral types O8-9IV and O8-9V respectively.

The presence of He II lines at ��4200, 4541 and 4686 Åin the spectra confirms this
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Fig. 1 Schematic view of a Be star at critical rotation and with a flared disk. The lower part shows example
spectral profiles from pole-on to shell Be stars

� Aql have virtually identical spectra both in the visual and UV-region10, including
weak H� emission, yet the former is classified B0.5 Ib, the latter B0.5 III. Their weak
emission does not come from a disk, even if it is found on both sides of the line,
similarly to Be stars, but rather originates in an angular momentum conserving stellar
wind type outflow (see, e.g., Kaufer et al 2006 for HD 64760 and Puls et al 2008
for a general review of hot star winds, and the typically much stronger winds of
supergiants).

Herbig Stars: Among the B stars with emission lines situated closer to the main
sequence in the Hertzsprung-Russell-Diagram, Herbig Ae/Be stars are easiest to con-
fuse with classical Be stars. These are young stellar objects in the final stages of
accretion, generally with fossil gaseous disks (Waters and Waelkens 1998). The more
active earlier types are quite distinct in emission morphology and variability, often
showing P Cygni and inverse P Cygni profiles, making it easy to tell them apart (Ale-
cian 2011). More quiet objects, however, can be (and have been) mistaken for clas-
sical Be stars, like 51 Oph (B9.5 V), which was counted as a classical Be star until a
strong infrared excess due to dust was discovered (Waters et al 1988). Such an excess
has never been seen in a classical Be star, so that infrared or mm observations well
distinguish the two classes.

10 Spectra are available from the ESO (http://archive.eso.org/) and IUE (http://archive.
stsci.edu/iue/) archives.

Figure 1.5: Schematic view of a Be star. With example of spectral profiles from
pole-on to shell Be stars .

suggested the existence of strong magnetic fields on the surface of Be stars by

analyzing short-term variabilities in B, V bands, line emissions, and X-ray fluxes.

Several theoritical models for magnetic winds and disks are proposed, generally

based on the oblique rotator scheme with dipole-like magnetic fields ,(Brown &

Cassinelli (2005), Maheswaran (2005), ud-Doula & Blondin (2005)). Cassinelli &

Neiner (2005) presented a broad discussion on the origin and dissipation of mag-

netic fields in Be stars. On the origin, two possible mechanisms were proposed:

one is the dynamo action in the convection core and its transportation to the sur-

face and envelope, and the other is that the fossil fields remained from the initial

stage of star formation.

1.2.2 The BeSS database

The Be Star Spectra (BeSS) database was created a few years ago to have central-

ized information on all known Be stars via an up-to-date catalog (http://basebe.obspm.fr/

basebe/). BeSS was based mostly in the old Be star catalog of Jaschek & Egret
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Figure 3.10: Fit (black dashed line) in the log[�H
↵

(EQW )](Å) versus
log(�V/2v sin i) from 91 CBe stars that we could measure the V sin i and also found

with a double peak profile in the H↵ emission line.

obtaining a = 0.24 and b = �0.09. The a value translates into j = 0.48, in very

good agreement with the value of j = 0.5 expected in the case of a Keplerian disc.

In 3.10 we represent the relation between the peak separation and the equivalent

width of the H↵ line.

3.5 Spatial distribution

In Fig. 3.12 we present the distribution in the sky of the CBe stars discussed in

this work, along the strip �5o < b < 5o, 29o < l < 215o covered by the IPHAS

survey. An uneven distribution along galactic longitude is apparent, with larger

densities in the region 110o < l < 140o and low populated areas around l = 40o

and 80o. This distribution is related with the variation of the interstellar extinc-

tion along the Galactic plane, being the regions of low density of stars coincident

with the high extinction directions. In 3.13 we compare the spatial distribution of

CBe stars in the Galactic plane with with the extiction map at b = 0 from Sale et

al. (2014) to illustrate this correlation.

A remarkable feature is the apparent lack of stars at positive galactic latitudes in
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Figure 3.8: ⌥ histrogram distribution.

the coolest CBe stars. However, other authors (e.g. Chauville et al. (2001) ; Riv-

inius et al. (2006) ; Meilland et al. (2012)) did not found any significant trend of

the rotational velocity with T
eff

. Howarth (2007) notes that the catalog of vsini

data used by the former authors shows systematic di↵erences with other sources,

and it is not homogeneous in itself.

To contribute to this discussion we have divided our data in three subsamples

sorted by spectral type, and calculate the mean rotational velocity for each of

them. We obtain ⌥ = 0.88 ± 0.10 for the O9e-B4e interval, ⌥ = 0.80 ± 0.12 for

B5e-B6e, and ⌥ = 0.82 ± 0.25 for the late B7e-A0e stars. Hence our data do not

show any trend of variation of the rotational velocity with the spectral type.

3.4 Disc rotation

The rotational velocity law of the particles in the circumstellar disc can be ap-

proximated by a power law,

v
rot

= v0(r/Req

)�j (3.11)
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Figure 3.9: Histogram of the rotational velocities. In red we show the luminosity
class V and in black the classes IV and III

where R
eq

is the equatorial stellar radius and v0 = v
rot

(R
eq

) (Dachs et al., 1992).

Three distinct idealized cases for the disc kinematics have been considered for the

support of the disc, depending of the choice of the exponent j: i) j = 1 when the

dominant force on the material is the radially directed radiation pressure that does

not exert any torque, and hence the specific angular momentum of the material

is conserved; ii): j = �1 corresponds to rigid rotation, as in the case of plasma

trapped by a strong magnetic field and forced to corotate with the star; iii):

j = 1/2 in the case of a Keplerian velocity field, in which the disc is rotationally

supported. Recent theoretical developments and observational evidence eventually

confirmed the case of Keplerian rotation (see Rivinius et al. (2013) for references),

which is nowadays generally accepted. From our data we can independently derive

the type of rotational velocity law, by means of the relationship between the peak

separation in double-peaked profile lines, �V , and the equivalent width H↵EW

of these lines for a sample of stars, derived by Hanuschik (1988)

log(
�V

2V sini
) = �↵ log[�H

↵

(EQW )] + b (3.12)

where a = j/2, and b is related to the electron density in the disc. We calculated

this relationship for a sample of 91 CBe stars for which we have both �V and vsini,
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for a long enough time to measure a periodicity, the two systems
display fast V/R variability with the V/R ratio reverting from
V/R > 1 to V/R < 1 on timescales of <∼1 year.

4.8. Disk velocity law

A long standing issue since the discovery of the first Be stars
has been the nature of the velocity law that is followed by
the particles in the disk. The correlations between the various
spectral parameters of the Hα line (FWHM, EW, peak separa-
tion in double-peaked profiles) and with the stellar rotational
velocity that have been observed in many Be stars are inter-
preted as evidence for rotationally dominated circumstellar disks
(Dachs et al. 1986; Hanuschik 1989; Dachs et al. 1992). The ve-
locity profile in a circumstellar disk can be expressed as

vrot = v∗
!

R∗
rd

" j

, (7)

where v∗ and R∗ are the star rotational velocity and radius and j
is the disk rotational velocity law parameter, which may adopt
three values (see e.g. Dachs et al. 1992): i) j = 1 represents the
case of conservation of angular momentum, where the circum-
stellar gas has the same angular momentum per unit mass as that
at the stellar surface, ii) j = −1 corresponds to rigid rotation,
which might occur in the innermost regions of the disk, and iii)
j = 0.5 for a Keplerian disk.
Nowadays, there is general consensus, based on the evidence

gathered over many years, that the circumstellar disks in classi-
cal Be stars are governed by viscosity and follow a Keplerian
law (Meilland et al. 2007; Rivinius et al. 2013). A way to esti-
mate the index j, and hence determine the type of dependence
of the rotational velocity with radius, is through the relation-
ship between the peak separation, ∆V , and the equivalent width,
EW(Hα). Hanuschik et al. (1988) derived the law

log
!

∆V
2v∗ sin i

"

= −a log (−EW(Hα)) + b, (8)

where i is the inclination angle. The equivalent width is expected
to be proportional to the visible disk area, i.e. to the disk ra-
dius squared (Tycner et al. 2005; Grundstrom & Gies 2006). In
this case, a = j/2 and b is related to the electron density in the
disk (Hanuschik et al. 1988). From a sample of 93 isolated Be
stars of all spectral types Hanuschik (1989) found a = 0.32 and
b = −0.20. We repeated this calculation using the IPHAS list of
isolated Be stars (Gkouvelis et al. 2016b). Of the 230 Be stars
with spectral types in the range O9–B3, only 30 displayed dou-
ble peaked profiles. A fit to this data gave a = 0.24 ± 0.11 and
b = −0.15 ± 0.12. For the IPHAS sample of classical Be stars,
j ≈ 0.5, as expected for a Keplerian disk.
The question that we wish to address here is whether the

disks of Be stars in X-ray binaries also follow a Keplerian law
or, instead, the presence of a neutron star somehow alters the
expected behaviour. Figure 11 shows the correlation between
the peak separation and the equivalent width of the Hα line for
six BeXBs. The result of the fit and the value of the j index
are given in Table 5. The correlation is expected to hold for
well developed disks, hence data points with log(EW(Hα)) < 0
were ignored in the fit. None of the sources deviate by more
than 2σ from the value of j = 0.5. Hence we conclude that
the circumstellar disks in BeXBs are also Keplerian. The only
exception is IGR J06074+2205,which might be explained by the

Table 5. Linear regression between the peak separation and the equiva-
lent width of the Hα line. All correlations are significant at > 99.999%.

Source name j Intercept Corr. coeff.
4U 0115+634 0.56±0.08 0.003±0.032 –0.69
RX J0146.9+6121 0.70±0.10 0.20±0.04 –0.77
RX J0440.9+4431 0.54±0.03 0.08±0.01 –0.86
1A 0535+262 0.43±0.04 –0.10±0.02 –0.71
IGR J06074+2205 0.28±0.06 –0.07±0.02 –0.82
GRO J2058+42 0.52±0.08 0.07±0.03 –0.86

fast timescales for disk formation and dissipation. Although the
data span almost eight years, this source never reaches a stable
state with a well developed disk for more than a year (see Fig. 1).
Thus most of the data may correspond to phases where the disk
is forming or dissipating, where a Keplerian supported disk may
not be at work.

Although the slope of the correlation, i.e, the j index, is simi-
lar in classical Be stars and BeXBs, the intercept is clearly differ-
ent. Figure 12 again shows the relationship between the EW(Hα)
and the peak separation of our BeXB, but this time all the data
are plotted together. The solid line represents the average be-
haviour of the 30 IPHAS classical Be stars with spectral types in
the range O9–B3 and the dotted line corresponds to 93 classical
Be stars of all spectral types (Hanuschik 1989). The best-fit to
the BeXB data points is given by the dashed red line.

As can be seen, BeXBs lie above the mean behaviour of clas-
sical Be stars, i.e. they appear shifted vertically with respect the
Be star line fit. According to Hanuschik et al. (1988), the in-
tercept b is related to disk density. Thus this shift implies that
the circumstellar disks in BeXBs are denser than disks in iso-
lated Be stars. We find a difference of log(∆V/2v sin i)BeXB −
log(∆V/2v sin i)Be ≈ 0.15−0.2, implying that the disks of BeXB
systems are about 1.5 times denser than those of classical Be
stars. This result agrees with Zamanov et al. (2001) who found
that on average the disks of BeXBs are about twice as dense as
those of classical Be stars, a result that was attributed to disk
truncation.

4.9. Circumstellar disk radius

According to Huang (1972), the separation of the emission line
peaks can be interpreted as the outer radius of the emission line
forming region7. We can estimate the outer radius from Eq. (7)
and the relationship between the peak separation and the velocity
at which gas rotates in the disk ∆V = 2vrot sin i, where i is the
inclination angle. Isolating r from equation (7), the radius of the
Hα emitting disk is given by

rd
R∗
=

!

2v∗ sin i
∆V

"1/ j

. (9)

We used Eq. (9) and j = 1/2 to estimate the radius of the
line-emitting region for those systems with known values of
the star projected rotational velocity and studied the relationship
with EW(Hα). A positive correlation between EW(Hα) and the
7 Because the disk is not expected to terminate abruptly, the radius
obtained from the optically thick region where the Hα line arises repre-
sents a lower limit to the true disk radius.

Article number, page 11 of 37

Reig et al.: Spectroscopic variability of HMXBs

for a long enough time to measure a periodicity, the two systems
display fast V/R variability with the V/R ratio reverting from
V/R > 1 to V/R < 1 on timescales of <∼1 year.

4.8. Disk velocity law

A long standing issue since the discovery of the first Be stars
has been the nature of the velocity law that is followed by
the particles in the disk. The correlations between the various
spectral parameters of the Hα line (FWHM, EW, peak separa-
tion in double-peaked profiles) and with the stellar rotational
velocity that have been observed in many Be stars are inter-
preted as evidence for rotationally dominated circumstellar disks
(Dachs et al. 1986; Hanuschik 1989; Dachs et al. 1992). The ve-
locity profile in a circumstellar disk can be expressed as

vrot = v∗
!

R∗
rd

" j

, (7)

where v∗ and R∗ are the star rotational velocity and radius and j
is the disk rotational velocity law parameter, which may adopt
three values (see e.g. Dachs et al. 1992): i) j = 1 represents the
case of conservation of angular momentum, where the circum-
stellar gas has the same angular momentum per unit mass as that
at the stellar surface, ii) j = −1 corresponds to rigid rotation,
which might occur in the innermost regions of the disk, and iii)
j = 0.5 for a Keplerian disk.
Nowadays, there is general consensus, based on the evidence

gathered over many years, that the circumstellar disks in classi-
cal Be stars are governed by viscosity and follow a Keplerian
law (Meilland et al. 2007; Rivinius et al. 2013). A way to esti-
mate the index j, and hence determine the type of dependence
of the rotational velocity with radius, is through the relation-
ship between the peak separation, ∆V , and the equivalent width,
EW(Hα). Hanuschik et al. (1988) derived the law

log
!

∆V
2v∗ sin i

"

= −a log (−EW(Hα)) + b, (8)

where i is the inclination angle. The equivalent width is expected
to be proportional to the visible disk area, i.e. to the disk ra-
dius squared (Tycner et al. 2005; Grundstrom & Gies 2006). In
this case, a = j/2 and b is related to the electron density in the
disk (Hanuschik et al. 1988). From a sample of 93 isolated Be
stars of all spectral types Hanuschik (1989) found a = 0.32 and
b = −0.20. We repeated this calculation using the IPHAS list of
isolated Be stars (Gkouvelis et al. 2016b). Of the 230 Be stars
with spectral types in the range O9–B3, only 30 displayed dou-
ble peaked profiles. A fit to this data gave a = 0.24 ± 0.11 and
b = −0.15 ± 0.12. For the IPHAS sample of classical Be stars,
j ≈ 0.5, as expected for a Keplerian disk.
The question that we wish to address here is whether the

disks of Be stars in X-ray binaries also follow a Keplerian law
or, instead, the presence of a neutron star somehow alters the
expected behaviour. Figure 11 shows the correlation between
the peak separation and the equivalent width of the Hα line for
six BeXBs. The result of the fit and the value of the j index
are given in Table 5. The correlation is expected to hold for
well developed disks, hence data points with log(EW(Hα)) < 0
were ignored in the fit. None of the sources deviate by more
than 2σ from the value of j = 0.5. Hence we conclude that
the circumstellar disks in BeXBs are also Keplerian. The only
exception is IGR J06074+2205,which might be explained by the

Table 5. Linear regression between the peak separation and the equiva-
lent width of the Hα line. All correlations are significant at > 99.999%.

Source name j Intercept Corr. coeff.
4U 0115+634 0.56±0.08 0.003±0.032 –0.69
RX J0146.9+6121 0.70±0.10 0.20±0.04 –0.77
RX J0440.9+4431 0.54±0.03 0.08±0.01 –0.86
1A 0535+262 0.43±0.04 –0.10±0.02 –0.71
IGR J06074+2205 0.28±0.06 –0.07±0.02 –0.82
GRO J2058+42 0.52±0.08 0.07±0.03 –0.86

fast timescales for disk formation and dissipation. Although the
data span almost eight years, this source never reaches a stable
state with a well developed disk for more than a year (see Fig. 1).
Thus most of the data may correspond to phases where the disk
is forming or dissipating, where a Keplerian supported disk may
not be at work.

Although the slope of the correlation, i.e, the j index, is simi-
lar in classical Be stars and BeXBs, the intercept is clearly differ-
ent. Figure 12 again shows the relationship between the EW(Hα)
and the peak separation of our BeXB, but this time all the data
are plotted together. The solid line represents the average be-
haviour of the 30 IPHAS classical Be stars with spectral types in
the range O9–B3 and the dotted line corresponds to 93 classical
Be stars of all spectral types (Hanuschik 1989). The best-fit to
the BeXB data points is given by the dashed red line.

As can be seen, BeXBs lie above the mean behaviour of clas-
sical Be stars, i.e. they appear shifted vertically with respect the
Be star line fit. According to Hanuschik et al. (1988), the in-
tercept b is related to disk density. Thus this shift implies that
the circumstellar disks in BeXBs are denser than disks in iso-
lated Be stars. We find a difference of log(∆V/2v sin i)BeXB −
log(∆V/2v sin i)Be ≈ 0.15−0.2, implying that the disks of BeXB
systems are about 1.5 times denser than those of classical Be
stars. This result agrees with Zamanov et al. (2001) who found
that on average the disks of BeXBs are about twice as dense as
those of classical Be stars, a result that was attributed to disk
truncation.

4.9. Circumstellar disk radius

According to Huang (1972), the separation of the emission line
peaks can be interpreted as the outer radius of the emission line
forming region7. We can estimate the outer radius from Eq. (7)
and the relationship between the peak separation and the velocity
at which gas rotates in the disk ∆V = 2vrot sin i, where i is the
inclination angle. Isolating r from equation (7), the radius of the
Hα emitting disk is given by

rd
R∗
=

!

2v∗ sin i
∆V

"1/ j

. (9)

We used Eq. (9) and j = 1/2 to estimate the radius of the
line-emitting region for those systems with known values of
the star projected rotational velocity and studied the relationship
with EW(Hα). A positive correlation between EW(Hα) and the
7 Because the disk is not expected to terminate abruptly, the radius
obtained from the optically thick region where the Hα line arises repre-
sents a lower limit to the true disk radius.
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fast timescales for disk formation and dissipation. Although the
data span almost eight years, this source never reaches a stable
state with a well developed disk for more than a year (see Fig. 1).
Thus most of the data may correspond to phases where the disk
is forming or dissipating, where a Keplerian supported disk may
not be at work.

Although the slope of the correlation, i.e, the j index, is simi-
lar in classical Be stars and BeXBs, the intercept is clearly differ-
ent. Figure 12 again shows the relationship between the EW(Hα)
and the peak separation of our BeXB, but this time all the data
are plotted together. The solid line represents the average be-
haviour of the 30 IPHAS classical Be stars with spectral types in
the range O9–B3 and the dotted line corresponds to 93 classical
Be stars of all spectral types (Hanuschik 1989). The best-fit to
the BeXB data points is given by the dashed red line.
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lated Be stars. We find a difference of log(∆V/2v sin i)BeXB −
log(∆V/2v sin i)Be ≈ 0.15−0.2, implying that the disks of BeXB
systems are about 1.5 times denser than those of classical Be
stars. This result agrees with Zamanov et al. (2001) who found
that on average the disks of BeXBs are about twice as dense as
those of classical Be stars, a result that was attributed to disk
truncation.
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peaks can be interpreted as the outer radius of the emission line
forming region7. We can estimate the outer radius from Eq. (7)
and the relationship between the peak separation and the velocity
at which gas rotates in the disk ∆V = 2vrot sin i, where i is the
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Figure 3.10: Fit (black dashed line) in the log[�H
↵

(EQW )](Å) versus
log(�V/2v sin i) from 91 CBe stars that we could measure the V sin i and also found

with a double peak profile in the H↵ emission line.

obtaining a = 0.24 and b = �0.09. The a value translates into j = 0.48, in very

good agreement with the value of j = 0.5 expected in the case of a Keplerian disc.

In 3.10 we represent the relation between the peak separation and the equivalent

width of the H↵ line.

3.5 Spatial distribution

In Fig. 3.12 we present the distribution in the sky of the CBe stars discussed in

this work, along the strip �5o < b < 5o, 29o < l < 215o covered by the IPHAS

survey. An uneven distribution along galactic longitude is apparent, with larger

densities in the region 110o < l < 140o and low populated areas around l = 40o

and 80o. This distribution is related with the variation of the interstellar extinc-

tion along the Galactic plane, being the regions of low density of stars coincident

with the high extinction directions. In 3.13 we compare the spatial distribution of

CBe stars in the Galactic plane with with the extiction map at b = 0 from Sale et

al. (2014) to illustrate this correlation.

A remarkable feature is the apparent lack of stars at positive galactic latitudes in
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Figure 3.12: The spatial distribution of the total sample of the IHPAS CBe stars in
the anti-centric region of the Galaxy for | b |< 5�. Red dots represent the stars studied
in this work between the longitudes 120� < l < 140�. The light blue tringles are the
22 GHz water maser regions studied by references in table 1. In the backround we
draw the galactic arms across the four quadrants following the Georgelin & Georgelin
(1976) ;Taylor & Cordes (1993) in combination of Vallée (2008). The R0 = 8.3 kpc

from Branthler et al. (2011) is assumed.
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Figure 3.11: The IPHAS scanned region of the north Galactic plane with the CBe
stars. Comparing with the 3D extincion maps of the (Sale et al. 2014), at 3.5 kpc,
we find low density areas at the high extinction regions except of the outer part of the
third galactic quadrant, l > 190�, where probably the warping e↵ect of the outer parts

of the disk Momany et al. (2006) starts.



Conclusions & future work

• We give the largest homogeneous Be star catalogue.

• We increase the number of known Be stars up to 40%

• Provide an automatic procedure of emission and non emission O, B type stars. 

• Statistical analysis of the largest sample on the evolution status, rotational effects. 

• Galactic structure of the anti-centric Galactic disck.

• Preparing the WEAVE multi-fiber spectroscopic survey. 

• The proper caracterization of those stars will be combined with the GAIA trigometric paralaxes. 

• Investigate the distant Be stars. 


