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I.	  EPS	  models:
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b.	  EPS	  models	  in	  history
models main	  characteristic

BC	  series:	  GISSEL98,	  BC03,	  CB07,	  CB11

Maraston series:	  Maraston (1998;	  2005);
Maraston	  &	  Stromback (2011)

TP-‐AGB (‘fuel	  consumption’	  
technique’)

Thomas,Maraston,	  Bender (2003) variable	  element	  abundance	  
ratios

Vazdekis series:	  Vazdekis et	  al.	  (1996,	  2010)	   high-‐resolution	  empirical spectra,	  
MILES

STARBURST99 (Leitherer	  et	  al.	  1999,	  2010;	  
Vazquez	  &	  Leitherer	  2005)	  

PEGASE (Fioc	  &	  Rocca-‐Volmerange	  1997,	  1999)	  

POPSTAR (Molla,	  Garcıa-‐Vargas	  &	  Bressan	  2009)	  

FSPS (Conroy,	  Gunn	  &	  White	  2009;	  Conroy	  &	  
Gunn	  2010;	  Conroy,	  White	  &	  Gunn	  2010)	  

flexible
(github.com/cconroy20/fsps)

Yunnan-‐II	  (Zhang et	  al.	  2004,	  2005,	  …) binary	  interactions
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II.	  Yunnan-‐II	  models:	  EPS	  models	  with	  
binary	  interactions
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rapid	  SSE	  &	  BSE	  codes	  (Hurley,	  Pols	  &	  Tout	  2000	  ,	  
Hurley,	  Tout	  &	  Pols	  2002)	  

BaSeL	  stellar	  spectra	  library	  (Lejeune	  et	  al.	  1997,	  
1998)

IMFs	  (Salpeter	  1955,	  Kroupa	  et	  al.	  2001,	  Chabrier	  
(2003),	  …

Yunnan-‐II	  
models

Age:	  log(t/yr)	  =	  5.0-‐10.17;
Z:	  seven,	  0.0001,	  0.0003,	  …,	  0.01,	  0.02,	  0.03.
Ntot =	  2.5x10^7	  binaries	  for	  each	  SSP.	  

SSP



a.	  Motivations

• Common	  in	  the	  Universe.
• Binary	  fraction:

50%,	  the	  Galactic	  field	  stars;	  
70%,	  massive	  O	  stars,	  especially	  (Sana	  et	  al.	  2012).
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three-quarters of our binaries have measured or-
bital properties, which allowed us to directly mod-
el the orbital parameter distributions. (iii) The
orbital properties cover the full range of periods
and mass ratios relevant for binary interaction.
Thus, we are better equipped to draw direct con-
clusions about the relative importance of various
binary interaction scenarios.

We find an intrinsic binary fraction of fbin =
0.69 T 0.09, a strong preference for close pairs
(p = –0.55 T 0.2), and a uniform distribution of
the mass ratio (k = –0.1 T 0.6) for binaries with
periods up to about 9 years. Comparison of the
intrinsic, simulated, and observed cumulative dis-
tributions of the orbital parameters shows that
observational biases are mostly restricted to the
longest periods and the most extreme mass ra-
tios (Fig. 1).

Compared with previous works, we find no
preference for equal-mass binaries (22).We obtain
a steeper period distribution and a larger fraction
of short period systems than previously thought
(9–14, 23), resulting in a much larger fraction of
systems that are affected by binary evolution.

Because star-cluster dynamics and stellar evo-
lution could have affected the multiplicity prop-
erties of only very few of the young O stars in
our sample (see supplementary text A.2), our
derived distributions are a good representation
of the binary properties at birth. Thus, it is safe

Orbital period (d)

Intrinsic number 
of binaries

Number of 
detected binaries

Observed distribution

Intrin
sic distrib

ution

C
um

ul
at

iv
e 

nu
m

be
r 

of
 o

bj
ec

ts

Mass ratio: M2/M1

Intrinsic number 
of binaries

Number of 
detected binaries

Intri
nsic

 dist
rib

utio
n

Observed distrib
ution

C
um

ul
at

iv
e 

nu
m

be
r 

of
 o

bj
ec

ts

60

40

20

0

60

40

20

0
1 10 100 1000 10000 1.0 0.8 0.6 0.4 0.2 0.0

Fig. 1. Cumulative number distributions of logarithmic orbital periods (left) and mass ratios (right) for
our sample of 71 O-type objects, of which 40 are identified binaries. The horizontal solid lines and the
associated dark green areas indicate the most probable intrinsic number of binaries (49 in total) and its
1s uncertainty, corresponding to an intrinsic binary fraction fbin = 0.69 T 0.09. The horizontal dashed
lines indicate the most probable simulated number of detected binaries (40 T 4), which agrees very well
with the actual observed number of binaries (40 in total). Crosses denote the observed cumulative
distributions for systems with known periods (34 in total) and mass ratios (31 in total). The lower
dashed lines indicate the best simulated observational distributions and their 1s uncertainties, corre-
sponding to intrinsic distributions with power-law exponents p = –0.55 T 0.22 and k = –0.10 T 0.58,
respectively. The lower solid lines and associated dark blue areas indicate the most probable intrinsic
number distributions and their errors. The latter were obtained from a combination of the uncertainties
on the intrinsic binary fraction and on the power-law exponents of the respective probability density
functions. d, days.

Fig. 2. Schematic representa-
tion of the relative importance
of different binary interaction
processes given our best-fit bi-
nary fraction and intrinsic distri-
bution functions. All percentages
are expressed in terms of the frac-
tion of all stars born as O-type
stars, including the single O stars
and the O stars in binaries, either
as the initially more massive
component (the primary) or as
the less massive one (the second-
ary). The solid curve gives the
best-fit intrinsic distribution of
orbital periods (corresponding to
p = –0.55), which we adopted
as the initial distribution. For the
purpose of comparison, we nor-
malized the ordinate value to
unity at the minimum period
that we considered. The dotted
curve separates the contributions
from O-type primary and second-
ary stars. The colored areas indi-
cate the fractions of systems that
are expected to merge (red), ex-
perience stripping (yellow), or
accretion/common envelope evo-
lution (orange). Assumptions and
uncertainties are discussed in
the text and in supplementary
text C. The pie chart compares
the fraction of stars born as O stars that are effectively single [i.e., single (white) or in wide binaries with little or no interaction effects (light green)—29%
combined] with those that experience significant binary interaction (71% combined).

Cumulative fraction of O stars at birth
0% 26% 71% 75%
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Binary Interaction Dominates
the Evolution of Massive Stars
H. Sana,1* S. E. de Mink,2,3 A. de Koter,1,4 N. Langer,5 C. J. Evans,6 M. Gieles,7 E. Gosset,8

R. G. Izzard,5 J.-B. Le Bouquin,9 F. R. N. Schneider5

The presence of a nearby companion alters the evolution of massive stars in binary systems,
leading to phenomena such as stellar mergers, x-ray binaries, and gamma-ray bursts. Unambiguous
constraints on the fraction of massive stars affected by binary interaction were lacking. We
simultaneously measured all relevant binary characteristics in a sample of Galactic massive O stars
and quantified the frequency and nature of binary interactions. More than 70% of all massive stars
will exchange mass with a companion, leading to a binary merger in one-third of the cases. These
numbers greatly exceed previous estimates and imply that binary interaction dominates the
evolution of massive stars, with implications for populations of massive stars and their supernovae.

With masses larger than 15 times that of
our Sun (1), stars of spectral type O are
rare (2) and short-lived (3). Never-

theless, through their large luminosities, strong
stellar winds, and powerful explosions, massive
stars heat and enrich surrounding gas clouds in
which new generations of stars form (4) and drive
the chemical evolution of galaxies (5). Massive
stars end their lives in luminous explosions, as
core-collapse supernovae (CCSN) or gamma-ray
bursts (GRBs), that can be observed throughout
most of the universe.

In a binary system, the evolutionary path of
a massive star is drastically altered by the pres-
ence of a nearby companion (6–8). Because stars
expand as they evolve, those in pairs with or-
bital periods up to ~1500 days exchange mass
(6). The more massive star can be stripped of its
entire envelope and, thus, loses much of its orig-
inal mass. The companion star gains mass and
angular momentum, which trigger mixing pro-
cesses in the stellar interior and modify its evo-
lutionary path (3). In very close binaries, the two
stars may even merge. The nature of the binary
interaction is largely determined by the initial
orbital period and mass ratio. The relative roles
of interaction scenarios and the overall impor-
tance of binary- versus single-star evolution so
far remain uncertain because of the paucity of
direct measurements of the intrinsic distributions
of orbital parameters (9–14).

In this work, we homogeneously analyze the
O star population of six nearby Galactic open
stellar clusters and simultaneously measure all
the relevant intrinsic multiplicity properties (15).
Our observational method, spectroscopy, is sen-
sitive to orbital periods as long as 10 years (13),
corresponding to the relevant period range for
binary interaction (6). In a spectroscopic binary,
the periodic Doppler shift of spectral lines al-
lows the determination of the radial velocity and,

hence, of the orbital motion of one (“single-lined”
spectroscopic binary) or both (“double-lined” spec-
troscopic binary) stars. Given sufficient orbital-phase
coverage, the orbital period (P), the eccentricity
(e), and, for double-lined spectroscopic binaries,
the mass-ratio (q) follow from Kepler’s laws.

Our sample contains 71 single and multiple
O-type objects (see supplementary text A). With
40 identified spectroscopic binaries, the observed
binary fraction in our sample is fobs = 40/71 =
0.56. We combined observations obtained with
the Ultraviolet and Visible Echelle Spectrograph
at the Very Large Telescope for long-period sys-
tems with results from detailed studies of detected
systems in the individual clusters (16–21). In to-
tal, 85 and 78% of our binary systems have,
respectively, constrained orbital periods and mass
ratios. This allowed us to build statistically signif-
icant observed period and mass-ratio distributions
for massive stars (Fig. 1), which are representa-
tive of the parameter distributions of the Galac-
tic O star population (13).

The precise fraction of interacting O stars and
the relative importance of the different interac-
tion scenarios are determined by the distributions
of the orbital parameters. The observed distribu-
tions result from the intrinsic distributions and
the observational biases (see supplementary text
B). To uncover the intrinsic distributions, we sim-
ulate observational biases with the use of a Monte
Carlo approach that incorporates the observa-
tional time series of each object in our sample.
We adopt power laws for the probability densi-
ty functions of orbital periods (in log10 space),
mass ratios, and eccentricities with exponents p,
k, and h, respectively (fig. S3 and table S3). These
power-law exponents and the intrinsic binary frac-
tion fbin were simultaneously determined by a
comparison of simulated populations of stars
with our sample allowing for the observational
biases. We determined the accuracy of our meth-
od by applying it to synthetic data.

Compared with earlier attempts to measure
intrinsic orbital properties (9–14): (i) The aver-
age number of epochs per object in our sam-
ple is larger by up to a factor of 5, making
binary detection more complete. (ii) More than

1Astronomical Institute Anton Pannekoek, Amsterdam Uni-
versity, Science Park 904, 1098 XH, Amsterdam, Netherlands.
2Space Telescope Science Institute, 3700 San Martin Drive,
Baltimore, MD 21218, USA. 3Department of Physics and As-
tronomy, Johns Hopkins University, Baltimore, MD 21218,
USA. 4Astronomical Institute, Utrecht University, Princetonplein
5, 3584 CC, Utrecht, Netherlands. 5Argelander-Institut für As-
tronomie, Universität Bonn, Auf dem Hügel 71, 53121 Bonn,
Germany. 6UK Astronomy Technology Centre, Royal Observatory
Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK. 7Institute of
Astronomy, University of Cambridge, Madingley Road, Cam-
bridge CB3 0HA, UK. 8Fonds de la Recherche Scientifique—
FNRS, Institut d’Astrophysique, Liège University, Allée du 6
Août 17, B-4000 Liège, Belgium. 9Université Joseph Fourier–
Grenoble 1/CNRS–Institut National des Sciences de l’Univers,
Institut de Planétologie et d’Astrophysique de Grenoble UMR
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three-quarters of our binaries have measured or-
bital properties, which allowed us to directly mod-
el the orbital parameter distributions. (iii) The
orbital properties cover the full range of periods
and mass ratios relevant for binary interaction.
Thus, we are better equipped to draw direct con-
clusions about the relative importance of various
binary interaction scenarios.

We find an intrinsic binary fraction of fbin =
0.69 T 0.09, a strong preference for close pairs
(p = –0.55 T 0.2), and a uniform distribution of
the mass ratio (k = –0.1 T 0.6) for binaries with
periods up to about 9 years. Comparison of the
intrinsic, simulated, and observed cumulative dis-
tributions of the orbital parameters shows that
observational biases are mostly restricted to the
longest periods and the most extreme mass ra-
tios (Fig. 1).

Compared with previous works, we find no
preference for equal-mass binaries (22).We obtain
a steeper period distribution and a larger fraction
of short period systems than previously thought
(9–14, 23), resulting in a much larger fraction of
systems that are affected by binary evolution.

Because star-cluster dynamics and stellar evo-
lution could have affected the multiplicity prop-
erties of only very few of the young O stars in
our sample (see supplementary text A.2), our
derived distributions are a good representation
of the binary properties at birth. Thus, it is safe

Orbital period (d)

Intrinsic number 
of binaries

Number of 
detected binaries

Observed distribution

Intrin
sic distrib

ution

C
um

ul
at

iv
e 

nu
m

be
r 

of
 o

bj
ec

ts

Mass ratio: M2/M1

Intrinsic number 
of binaries

Number of 
detected binaries

Intri
nsic

 dist
rib

utio
n

Observed distrib
ution

C
um

ul
at

iv
e 

nu
m

be
r 

of
 o

bj
ec

ts

60

40

20

0

60

40

20

0
1 10 100 1000 10000 1.0 0.8 0.6 0.4 0.2 0.0

Fig. 1. Cumulative number distributions of logarithmic orbital periods (left) and mass ratios (right) for
our sample of 71 O-type objects, of which 40 are identified binaries. The horizontal solid lines and the
associated dark green areas indicate the most probable intrinsic number of binaries (49 in total) and its
1s uncertainty, corresponding to an intrinsic binary fraction fbin = 0.69 T 0.09. The horizontal dashed
lines indicate the most probable simulated number of detected binaries (40 T 4), which agrees very well
with the actual observed number of binaries (40 in total). Crosses denote the observed cumulative
distributions for systems with known periods (34 in total) and mass ratios (31 in total). The lower
dashed lines indicate the best simulated observational distributions and their 1s uncertainties, corre-
sponding to intrinsic distributions with power-law exponents p = –0.55 T 0.22 and k = –0.10 T 0.58,
respectively. The lower solid lines and associated dark blue areas indicate the most probable intrinsic
number distributions and their errors. The latter were obtained from a combination of the uncertainties
on the intrinsic binary fraction and on the power-law exponents of the respective probability density
functions. d, days.

Fig. 2. Schematic representa-
tion of the relative importance
of different binary interaction
processes given our best-fit bi-
nary fraction and intrinsic distri-
bution functions. All percentages
are expressed in terms of the frac-
tion of all stars born as O-type
stars, including the single O stars
and the O stars in binaries, either
as the initially more massive
component (the primary) or as
the less massive one (the second-
ary). The solid curve gives the
best-fit intrinsic distribution of
orbital periods (corresponding to
p = –0.55), which we adopted
as the initial distribution. For the
purpose of comparison, we nor-
malized the ordinate value to
unity at the minimum period
that we considered. The dotted
curve separates the contributions
from O-type primary and second-
ary stars. The colored areas indi-
cate the fractions of systems that
are expected to merge (red), ex-
perience stripping (yellow), or
accretion/common envelope evo-
lution (orange). Assumptions and
uncertainties are discussed in
the text and in supplementary
text C. The pie chart compares
the fraction of stars born as O stars that are effectively single [i.e., single (white) or in wide binaries with little or no interaction effects (light green)—29%
combined] with those that experience significant binary interaction (71% combined).

Cumulative fraction of O stars at birth
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~24%	  merge;~33%	  envelope	  stripping,	  ~14%	  
accretion,	  spin	  up	  &	  CE;~29%	  single.

Sample:	  
the	  O	  star	  population	  of	  six	  nearby	  Galactic	  
open	  clusters;	  71	  single	  and	  multiple	  O-‐type	  
objects	  (Sana	  H.	  et	  al.	  2012	  Science	  337	  444).



Elements	  ejected	  to	  ISM:	  
• different	  reactions	  dominate	  different	  evolutionary	  

stages	  (PP-‐chain,	  CNO,	  	  NeNa,	  MgAl	  cycles);	  	  
• mainly	  by	  RGs,	  PN,	  SN,	  etc.	  
Power	  ejected	  to	  ISM:	  
• dM/dt	  varies	  with	  evolutionary	  path;
• mainly	  by	  stellar	  wind,	  SN	  explosion;
• RLOF:	  Mass-‐transfer	  rate	  (mass-‐loss	  rate)	  is	  high	  than	  

line-‐driven	  wind	  (Smith	  2012).

Different	  evolution	  path	  means:
Different	  distribution	   in	  the	  CMD	   (M/L,	  colours,	  derived	  properties);
Different	  amount/kind	  of	  elements,	  ejected	  wind	  power	  (feedback,	  
gas	  cooling,	  the	  formation	  of	  the	  next-‐generation	  of	  stars	  &	  galaxies).
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Abstract
Our understanding of massive star evolution is in flux due to recent upheavals
in our view of mass loss and observations of a high binary fraction among
O-type stars. Mass-loss rates for standard metallicity-dependent winds of
hot stars are lower by a factor of 2–3 compared with rates adopted in mod-
ern stellar evolution codes, due to the influence of clumping on observed
diagnostics. Weaker hot star winds shift the burden of H-envelope removal
to the winds, pulsations, and eruptions of evolved supergiants, as well as bi-
nary mass transfer. Studies of stripped-envelope supernovae, in particular,
require binary mass transfer. Dramatic examples of eruptive mass loss are
seen in Type IIn supernovae, which have massive shells ejected just a few
years earlier. These eruptions are a prelude to core collapse, and may sig-
nify severe instabilities in the latest nuclear burning phases. We encounter
the predicament that the most important modes of mass loss are also the
most uncertain, undermining the predictive power of single-star evolution
models. Moreover, the influence of winds and rotation has been evaluated
by testing single-star models against observed statistics that, it turns out, are
heavily influenced by binary evolution. Altogether, this may alter our view
about the most basic outcomes of massive-star mass loss—are Wolf-Rayet
stars and Type Ibc supernovae the products of winds, or are they mostly the
result of binary evolution and eruptive mass loss? This is not fully settled,
but mounting evidence points toward the latter. This paradigm shift impacts
other areas of astronomy, because it changes predictions for ionizing radi-
ation and wind feedback from stellar populations, it may alter conclusions
about star-formation rates and initial mass functions, it affects the origin of
compact stellar remnants, and it influences how we use supernovae as probes
of stellar evolution across cosmic time.
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Figure 3
A number of different prescriptions for wind mass loss used in models, as well as typical observed ranges of
mass-loss rates for a number of different types of stars. For O-type stars, the theoretical rates from the
prescription by Vink et al. (2001) are shown, along with “standard” observational rates using the prescription
by de Jager et al. (1988), as well as these same prescriptions divided by factors of 3 and 10 for comparison.
The green line labeled “weak-wind problem” refers to lower mass-loss rates for late O-type and early B-type
MS stars. Rates for nitrogen-sequence Wolf-Rayet (WN) and carbon-sequence Wolf-Rayet (WC) stars are
from Crowther (2007). Red supergiant (RSG) mass-loss prescriptions are from de Jager et al. (1988) and van
Loon et al. (2005), as indicated. For yellow hypergiants (YHGs), see de Jager (1998). For Ṁ corresponding
to normal winds of luminous blue variables (LBVs), values were compiled from a number of studies (Hillier
et al. 2001, Vink & de Koter 2002, Smith et al. 2004, Groh et al. 2009). For LBV eruptions, the “rates”
shown are calculated from total masses observed in LBV circumstellar shells (Smith & Owocki 2006) divided
by a nominal eruption duration of 10 years (see Figure 5). For “binary RLOF,” an order-of-magnitude value
for the strongest mass-transfer rates expected in brief RLOF (Roche-lobe overflow) phases is noted, although
the mass-transfer or mass-loss rate can be much less for slow mass transfer or possibly more for dynamical
common-envelope ejection events; see references in the text, especially the review by Langer (2012).

stellar population synthesis models.] It is likely that adopting the reduced mass-loss rates will
have a profound impact on the outcome of single-star evolution calculations, but a meaningful
comparison with observed properties of stars cannot be attempted until this is updated.

Modifications to standard mass-loss rates have also occurred at the high and low ends of the
luminosity range. As the most massive O-type stars (spectral types of O3 and O2) evolve toward the
terminal-age MS, their luminosities go up and they move close to ! = 1, where ! = κL/4πGMc
is the Eddington ratio. High ! values in hot stars can substantially affect the winds and increase
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Binary	  stars	  must	  be	  considered.
In	  2004,	  we	  have	  included	  them.	  	  



lg (t/yr)~9. raise	  UV ISED, ΔF~102 SdB,	  BSs UVupturn	  (Han	  
et	  al.	  2007)

In	  short bluer	  colours,	  higher	  
mass	  loss,	  larger	  (M/L)K

hotter	  stars M*,	  Z,	  t	  

lg (t/yr)~7.-‐8. raise	  ISED	  <912A,
ΔF~105

naked	  He	  
stars

SFR,	  Zgas,
border,	  ISED

factors reasons Related	  to
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Comparison	   in	  the	  flux	  between	  SPs	  with	  (red/green)	  and	  
without	   (red)	  binary	   interactions.	   Left:	  old;	  Right:	  
intermediate	  -‐ age	  (IA).

CMD	  for	  old	  SPs,	  log(t/yr)	  =	  
8.9,	  	  with	  binary	  interactions.

CMD	  for	  IA	  SPs,	  log(t/yr)	  
=	  7.6,	  with	  binary	  
interactions.

Comparison	   in	  Ewind between	  SPs	  with	  
and	  without	  binary	   interactions	   (in	  
preparation).

Comparison	  in	  the	  (M/L)K	  for	  SPs	  with	  (green)	  
and	  without	  (red)	  binaries	  at	  Z	  =	  0.0001-‐ 0.03	  
(from	  bottom	  to	  top,	  shifted	  by	  a	  different	  
amount).

Note:
in	  the	  calculation	  of	  Ewind,	  we	  i)	  assume	  
that	  the	  wind	  ejcted into	  ISM	  carries	  
orbital	  angular	  momentum,	   ii)	  use	  
N=10^4	  binaries.

Models:	  now,	  not	  consider	  SN	  ejected	  
energy.	  

b.	  Main	  results	  of	  Yunnan	  models

Comparison	   in	  the	  ISED	  
for	  SSPs	  	  with	  (red)	  and	  
without	   (black)	  binary	  
stars	  at	  lg t/yr=9.

lg (t/yr)>7. raise	  Ewind,ΔEwind~105-‐8;
elements.	  

MéPê
interact,	  note

galaxy	  
evolutions



b.	  Main	  results	  of	  Yunnan	  models
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III.	  Applications	  to	  galaxy	  studies
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b.	  +	  nebula/photoionization	  
models

a.	  CSPs	  (composite	  stellar	  
populations)

c.	  	  ejected	  wind	  
power/elements	  (in	  
progress)

ejected	  
wind	  
power

neb
ula

SSP

SSP/
CSP

SSP/
CSP

CSP

galaxy	  
evolut
ion

d.	  UV	  upturn	  problem	  of	  elliptical	  galaxies



¢

a.	  CSP	  

Various	  SFR	  forms	  are	  used	  to	  transform	  the	  SSP	  to	  
galaxies	  of	  different	  types.	  

SFRs:
• a	  δ-‐form	  SFR	  to	  build	  burst	  galaxies;

• six	  exponentially	  decreasing	  SFRs	  with	  characteristic	  time	  decays	  τ	  =	  1,	  2,	  3,	  5,	  15	  and	  30	  
Gyr	  to	  build	  E-‐S0-‐Sa–Sd	  galaxies;

• a	  constant-‐form	  SFR	  	  to	  build	  Irr	  galaxies.

14	  Sep.	  2015－Cambridge 11

Uncertainties in SFR calibrations 1041

(iii) In the BC03 models, the Chabrier (2003, hereafter Cha03)
IMF used is as follows:

φ(M)Cha03 =

⎧
⎨

⎩
C1M

−1exp
{

−(logM−logMc)2

2σ 2

}
, M ≤ 1.0,

C2M
−2.3 , M > 1.0,

(2)

where Mc = 0.08 M⊙, σ = 0.69 and M is the stellar mass in units
of M⊙. The lower and upper mass limits are 0.1 and 100 M⊙.

(iv) The IMF of Kroupa, Tout & Gilmore (1993, hereafter K93),
which is used in the SB99 and PÉGASE models, is as follows:

φ(M)K93 =

⎧
⎪⎪⎨

⎪⎪⎩

C1M
−1.3, 0.10 ≤ M < 0.50,

C2M
−2.2, 0.50 ≤ M < 1.00,

C3M
−2.7, 1.00 ≤ M ≤ 100,

(3)

where C1 = 0.035, C2 = 0.019, C3 = 0.019 and M is the stellar
mass in units of M⊙. Because all coefficients in equation (3) are set
to 1 for the SB99 models in this study and also are 1 in the PÉGASE

models, we name it the K93’ IMF.
(v) The IMF of Kroupa, Aarseth & Hurley (2001, hereafter K01),

which is used in the POPSTAR models, is as follows:

φ(M)K01 =

⎧
⎪⎪⎨

⎪⎪⎩

C1M
−0.30, 0.01 ≤ M < 0.08,

C2M
−1.30, 0.08 ≤ M < 0.50,

C3M
−2.30, 0.50 ≤ M ≤ 100,

(4)

where M is the stellar mass in units of M⊙. In the POPSTAR
models, Ml = 0.15 M⊙.

2.3 SFR forms

Various SFR forms are used to transform the SP to galaxies of
different types. We use a δ-form SFR, six exponentially decreasing
SFRs with characteristic time decays τ = 1, 2, 3, 5, 15 and 30 Gyr,
and a constant-form SFR to build burst, E, S0, Sa–Sd and Irr types
of galaxies, respectively. The exponentially decreasing SFR is given
by

ψ(t) = [1 + ϵMPG(t)]τ−1exp(−t/τ ), (5)

where τ is the e-folding time-scale, MPG(t) = [1 − exp(−t/τ )] −
Mstars − Mremnants is the mass of gas that has been processed into
stars and then returned to the interstellar medium at t, Mstars and
Mremnants are the masses of stars and remnants at t, and ε denotes the
fraction of MPG(t) that can be recycled into new star formation. In
this work, ε = 0; that is, the gas could not be recycled into new star
formation.

2.4 The dependence of calculations on metallicity

In the transformation between the number of ionizing photons Q(H)
and LHα ,

LHα = Q(H)
α

β

jB

αB
, (6)

we assume case B recombination at an electron temperature Te =
10 000 K and number density ne = 100 cm−3 at all metallicities;
that is, we do not consider the effect of metallicity.

In fact, using the data of table 1 from Zhao, Gao & Gu
(2010), we find that the electron temperature Te (in the range of
10 000–20 000 K) decreases linearly with the oxygen abundance
12+log(O/H) (in the range of 7.4–8.6) for blue compact dwarf
galaxies, and the number density ne is generally lower than 100 cm−3

except for at low oxygen abundances [12+log(O/H) = 7.41]. How-
ever, from table 5 of Ferland (1980), we see that the Balmer decre-
ment α/β only increases by a factor of 0.033 (from 2.69 to 2.78)
when Te changes from 10 000 to 20 000 K. Moreover, from equa-
tions (6) and (8) of Ferland (1980), we see that recombination
coefficient αB and emission coefficient jB are proportional to T −0.77

e
and T −0.833

e when Te ≤ 2.6 × 104 K, respectively, jB/αB decreases
by a factor of 0.043 when Te changes from 10 000 to 20 000 K.
Hence, the conversion factor ( α

β
jB
αB

) between Q(H) and LHα is almost
invariable when Te changes from 10 000 to 20 000 K (decreases
by a factor of 0.014); it is thus reasonable to assume that α

β
jB
αB

is
independent of metallicity.

We also do not consider the effect of metallicity on the ratio of
L[O II] to LHα (=0.23 in Paper I, which is the conclusion drawn by
Hopkins et al. 2003) because its value is uncertain. Kewley, Geller &
Jansen (2003) concluded that the ratio of L[O II] to LHα is dependent
on metallicity.

3 SO M E R E S U LT S C O N C E R N I N G B I NA RY
E VO L U T I O N

Before discussing the effects of metallicity, binary interactions, EPS
model and IMF on the SFR calibrations, we give descriptions of for-
mation channels for some classes of objects and results concerning
binary evolution. We use the binary star evolution (BSE) code of
Hurley, Tout & Pols (2002). Using the same set of input parameters
and physics as in our works, Hurley et al. (2002) used the BSE code
to compare model results with observations for many objects [in-
cluding blue stragglers (BSs), Algol, cataclysmic variables, X-ray
binaries and so on] and found that they match well.

In the populations we constructed, if the component stars in a bi-
nary system were close enough, they would interact with each other
and experience processes such as mass transfer, mass accretion,
common-envelope (CE) evolution, collision, supernova kick, tidal
evolution, angular momentum loss and so on. As a consequence,
some binaries would evolve to/through systems comprising high-
temperature and high-luminosity stars [for example, BSs and helium
main-sequence (HeMS) stars] or these kinds of single stars. These
systems would significantly alter the spectra of SPs. Among the
above-mentioned processes, Roche lobe overflow (RLOF), CE and
merger processes are the most important ones regarding altering the
evolution sequences of stars, as expected from single star evolution.
In the following, we will describe the formation processes of BSs
and HeMS stars (for binary and single systems), the percentages of
BSs, HeMS stars and those systems experiencing RLOF, CE and
merger processes during the past 13.7 Gyr, and the dependences
of these results on certain parameters (including metallicity, stellar
wind and the CE ejection coefficient αCE = *Ebind/*Eorb, where
*Ebind and *Eorb are the energy added to the binding energy of the
envelope and the change in the orbital energy of the binary between
the initial and final states of the spiraling-in process) in our models.
In this section, the results and conclusions are obtained using SPs
composed of 104 binary systems. However, the results and conclu-
sion in Section 4 are based on SPs composed of 2.5 × 107 binary
systems.

In our models, Reimers’ mass-loss coefficient η is taken as 0.3, the
tidally enhanced mass-loss coefficient BW is set constant at 0, and
the CE ejection coefficient αCE = 1.0. In order to differentiate these
models from the results obtained using other sets of parameters
(Section 3.3), we call them the standard models. Moreover, it is
emphasized that the phases from main sequence (MS) to remnant
[white dwarf (WD), etc.] are included in the BSE code.
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border:	  AGN/SF	  galaxies

Zgas

SFH

gas	  cooling	  function/timescale

+

galaxy	  evolution

Zphot	  (redshift)
SED,	  starlight
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nization	  
models

EPS	  
models

galaxy	  
models

Explanations:	  
-‐-‐-‐ bluer	  colours,	  
colours	  become	  
redder	  when	  Z*,	  t
increase;	  
-‐-‐-‐larger	  (M/L)K,	  so	  
M*é

Results：
derived	  M*,	  Z*,	  t larger.

Single	  stars:	  
young,	  thin

Binary	  stars:	  
old,	  fat



14	  Sep.	  2015－Cambridge 13

Binary	  stars:	  raise	  the	  UV	  flux	  
shortwards of	  Lyman	  limit	  by	  105	  (at	  
intermediate	  [IA]	  ages:	  t~107-‐108yr).

b.	  +nebula
motivations:

Comparison	  in	  the	  flux	  between	  IA	  SPs	  with	  and	  without	  binary	  
interactions.

Globally	  integrated	  0.15–850	  μm	  SEDs	  for	  the	  SINGS	  sample.	  GALEX	  and	  
optical,	  2MASS,	  Spitzer,	  IRAS,	  ISO,	  and	  SCUBA	  data	  are	  represented	  by	  
open	  triangles,	  filled	  squares,	  filled	  circles,	  filled	  triangles,	  open	  circles,	  
and	  open	  squares,	  respectively.	  The	  solid	  line	  is	  the	  sum	  of	  a	  dust	  (dashed	  
line)	  and	  a	  stellar	  (dotted	  line)	  model.	  The	  dust	  curve	  is	  a	  Dale	  &	  Helo	  
(2002)	  model	  fitted	  to	  ratios	  of	  the	  24,	  70,	  and	  160	  μm	  fluxes;	  the	  SED	  
listed	  within	  each	  panel	  parameterizes	  the	  distribution	  of	  dust	  mass	  as	  a	  
function	  of	  heating	  intensity,	  as	  described	  in	  Dale	  &	  Helou	  (2002).	  The	  
stellar	  curve	  is	  a	  1	  Gyr	  continuous	  star	  formation,	  solar	  metallicity	  curve
from	  Vazquez	  &	  Leitherer	  (2005)	  fitted	  to	  the	  2MASS	  data	  (see	  § 4	  for	  
details).

Dale	  et	  al.	  2007,	  ApJ,	  655,	  863

-‐-‐-‐ionize	  surrounding	  gas,	  be	  absorbed	  
by	  dust,	  produce	  emission	  lines,	  move	  
the	  UV	  luminosity	  to	  the	  IR	  passband;
-‐-‐-‐Sculpture	  ISED.	  



Models:
Calculations	  of	  the	  emission	  line	  strengths:
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thus varying the properties of the CISs and H II regions. Kewley
et al. (2013) mentioned a scenario in which binary interactions
(BIs) harden the SP spectra: BIs make stellar systems hotter and
more luminous by speeding up the rotation of the companion star
and producing a mixing effect (Jiang, Han & Li 2014). In fact, BIs
can harden and raise the SP EUV spectra by other processes (such
as merging) that produce very hot and luminous stars.

In this study, we will use Yunnan-II EPS models (Zhang et al.
2004, 2005, hereafter Z04, Z05), in which various BIs are con-
sidered, to show that radiation fields of IA SPs with BIs are in
theory possible candidates as significant CISs of classic H II re-
gions. Moreover, we will show that a He II λ1640 feature (a He II

feature can be produced by shocks, X-ray binary evolution and
Wolf–Rayet/massive stars, Brinchmann, Kunth & Durret 2008) can
be produced, some theoretical line strengths that are weaker than
observations will be increased and the borders between star-forming
galaxies and active galactic nuclei (AGNs) in the diagnostic diagram
will move into the region occupied originally by AGNs.

The outline of the paper is as follows. In Section 2 we describe
the photoionization used, EPS models and parameter space. In Sec-
tion 3 we present the results. In Section 4 we present analyses
and discussions. Finally we present a summary and conclusions in
Section 5.

2 MO D E L S

In this work, we employ the MAPPINGS version IIIq photoionization
code, which is used to calculate the fluxes of emission lines in H II

regions, and Yunnan-II EPS models (Z04, Z05), from which the SP
radiation fields are obtained as the CISs of H II regions in MAPPINGS

version IIIq. We will briefly describe MAPPINGS and the Yunnan-II
models in Sections 2.1 and 2.2, and we will present the parameter
space in Section 2.3.

2.1 Photoionization code: MAPPINGS

MAPPINGS was built by Dopita (1976) and developed by Luc Binette
(Mexican version), Sutherland & Dopita (1993), Groves, Dopita &
Sutherland (2004), G08 and so on. In this work, the parameters
employed in MAPPINGS version IIIq are as follows:

(i) We use the radiation fields of SPs from Yunnan-II EPS models
with and without BIs as the CISs of H II regions. The chosen SP age
and metallicity are within 6.3 ≤ log (t/yr) ≤ 10.18 and 0.0001 ≤ Z
≤ 0.03 (Table 1).

(ii) Plane-parallel geometry is used and the dimensionless ion-
ization parameter log U is used to define the ionizing radius. Its
values range from −4 to 0 (Table 1).

Table 1. Some of the model parameters used in this study.
Case denotes the condition that BIs are taken into account.

EPS models Nebulae
Case log (t/yr) Z log U nH (cm−3)

Without 6.3 0.0001 −4 10
With 6.5 0.0003 −3 100

6.6 0.001 −2 350
... 0.004 −1

10.0 0.01 0
10.1 0.02

10.18 0.03

(iii) An isochoric structure is used. The hydrogen density nH

ranges from 10 to 350 cm−3 (Table 1).
(iv) The default solar metallicity (Z′

⊙ = 0.016, Asplund,
Grevesse & Sauval 2005), element abundances (nX/nH)Z′

⊙ and

depletion factors DX are used (Table 2, as Dopita et al. 2006, here-
after D06). At other metallicities, nX/nH scales with (nX/nH)Z′

⊙
and the metallicity, with several exceptions (elements He, C and N,
D06). DX does not vary with metallicity.

(v) Three kinds of dust components are included: graphites, sili-
cates and polycyclic aromatic hydrocarbons (PAHs) (G08). For the
first two, the size distribution

dnX

da
= k a−β e−(a/amin)−3

1 + e−(a/amax)3

where β = 3.3, amin = 40 Å, amax = 1600 Å and k = const, is used
and the densities are 1.8 and 3.5 g cm−3. For PAHs, we assume
that graphites are not destroyed with PAHs. PAHs emit in the mid-
infrared band when Q2 (a far-UV analogy of U)<1000 (Dopita
et al. 2005). The PAH-to-carbon dust ratio is 0.3 and the fraction of
carbon dust depletion in PAHs is 0.05.

(vi) Finally, we choose the set of input physics including radiation
pressure and dust, use the geometrical dilution fraction of 0.5 and
use a final total hydrogen column depth of 1022 cm−2.

2.2 EPS models: Yunnan-II

The Yunnan-II models were built since Z04 and Z05 and are the
EPS models for instantaneous burst SPs (i.e. assemblies of chemi-
cally homogeneous and coeval stars) without (i.e. simple SPs) and
with BIs. For the second set of models, various BIs are considered
(mass transfer, mass accretion, common-envelope evolution, colli-
sions, supernova kicks, tidal evolution and all angular momentum
loss mechanisms). In the Z04 and Z05 models, each binary in a SP
satisfies the given initial primary mass, mass ratio q, separation a
and eccentricity e distributions. The evolutionary parameters (grav-
ity, temperature, etc.) are obtained from an evolution algorithm.
Observables (spectrum, colours, etc.) are transformed from evolu-
tionary parameters via a stellar spectral library. The SP properties
are then given by the integral for observables and the weight given
by the initial distributions. The ages and metallicities of SPs cover
the ranges log(t/yr) = 5.0–10.18 and Z = 0.0001–0.03.

The Yunnan-II models include several sets of results, the differ-
ences among them mainly lie in the choices of initial distributions
for stars in a SP, stellar spectral library and so on. The models
employed in this work use the BaSeL stellar spectral library of
Lejeune, Cuisinier & Buser (1997), the binary star evolution algo-
rithm of Hurley, Tout & Pols (2002), the initial mass function of
Miller & Scalo (1979) for the primary star, a uniform q distribution,
a combination of power law and constant a distributions at close and
far separations, and a uniform e distribution. The separation distri-
bution implies that ∼50 per cent (a typical value for the Galaxy)
of stellar systems are binary systems with orbital periods less than
100 yr.

2.3 Parameter space

In this work, we assume that the metallicities of CISs (i.e. SPs)
are the same as those of nebular gas (as Stasińska et al. 2006,
hereafter Sta06), and our calculations are limited to only these SP
metallicities. The element abundances at SP metallicities (nX/nH)Z

are obtained as described in Section 2.1.

MNRASL 447, L21–L25 (2015)
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(iii) In the BC03 models, the Chabrier (2003, hereafter Cha03)
IMF used is as follows:

φ(M)Cha03 =

⎧
⎨

⎩
C1M

−1exp
{

−(logM−logMc)2

2σ 2

}
, M ≤ 1.0,

C2M
−2.3 , M > 1.0,

(2)

where Mc = 0.08 M⊙, σ = 0.69 and M is the stellar mass in units
of M⊙. The lower and upper mass limits are 0.1 and 100 M⊙.

(iv) The IMF of Kroupa, Tout & Gilmore (1993, hereafter K93),
which is used in the SB99 and PÉGASE models, is as follows:

φ(M)K93 =

⎧
⎪⎪⎨

⎪⎪⎩

C1M
−1.3, 0.10 ≤ M < 0.50,

C2M
−2.2, 0.50 ≤ M < 1.00,

C3M
−2.7, 1.00 ≤ M ≤ 100,

(3)

where C1 = 0.035, C2 = 0.019, C3 = 0.019 and M is the stellar
mass in units of M⊙. Because all coefficients in equation (3) are set
to 1 for the SB99 models in this study and also are 1 in the PÉGASE

models, we name it the K93’ IMF.
(v) The IMF of Kroupa, Aarseth & Hurley (2001, hereafter K01),

which is used in the POPSTAR models, is as follows:

φ(M)K01 =

⎧
⎪⎪⎨

⎪⎪⎩

C1M
−0.30, 0.01 ≤ M < 0.08,

C2M
−1.30, 0.08 ≤ M < 0.50,

C3M
−2.30, 0.50 ≤ M ≤ 100,

(4)

where M is the stellar mass in units of M⊙. In the POPSTAR
models, Ml = 0.15 M⊙.

2.3 SFR forms

Various SFR forms are used to transform the SP to galaxies of
different types. We use a δ-form SFR, six exponentially decreasing
SFRs with characteristic time decays τ = 1, 2, 3, 5, 15 and 30 Gyr,
and a constant-form SFR to build burst, E, S0, Sa–Sd and Irr types
of galaxies, respectively. The exponentially decreasing SFR is given
by

ψ(t) = [1 + ϵMPG(t)]τ−1exp(−t/τ ), (5)

where τ is the e-folding time-scale, MPG(t) = [1 − exp(−t/τ )] −
Mstars − Mremnants is the mass of gas that has been processed into
stars and then returned to the interstellar medium at t, Mstars and
Mremnants are the masses of stars and remnants at t, and ε denotes the
fraction of MPG(t) that can be recycled into new star formation. In
this work, ε = 0; that is, the gas could not be recycled into new star
formation.

2.4 The dependence of calculations on metallicity

In the transformation between the number of ionizing photons Q(H)
and LHα ,

LHα = Q(H)
α

β

jB

αB
, (6)

we assume case B recombination at an electron temperature Te =
10 000 K and number density ne = 100 cm−3 at all metallicities;
that is, we do not consider the effect of metallicity.

In fact, using the data of table 1 from Zhao, Gao & Gu
(2010), we find that the electron temperature Te (in the range of
10 000–20 000 K) decreases linearly with the oxygen abundance
12+log(O/H) (in the range of 7.4–8.6) for blue compact dwarf
galaxies, and the number density ne is generally lower than 100 cm−3

except for at low oxygen abundances [12+log(O/H) = 7.41]. How-
ever, from table 5 of Ferland (1980), we see that the Balmer decre-
ment α/β only increases by a factor of 0.033 (from 2.69 to 2.78)
when Te changes from 10 000 to 20 000 K. Moreover, from equa-
tions (6) and (8) of Ferland (1980), we see that recombination
coefficient αB and emission coefficient jB are proportional to T −0.77

e
and T −0.833

e when Te ≤ 2.6 × 104 K, respectively, jB/αB decreases
by a factor of 0.043 when Te changes from 10 000 to 20 000 K.
Hence, the conversion factor ( α

β
jB
αB

) between Q(H) and LHα is almost
invariable when Te changes from 10 000 to 20 000 K (decreases
by a factor of 0.014); it is thus reasonable to assume that α

β
jB
αB

is
independent of metallicity.

We also do not consider the effect of metallicity on the ratio of
L[O II] to LHα (=0.23 in Paper I, which is the conclusion drawn by
Hopkins et al. 2003) because its value is uncertain. Kewley, Geller &
Jansen (2003) concluded that the ratio of L[O II] to LHα is dependent
on metallicity.

3 SO M E R E S U LT S C O N C E R N I N G B I NA RY
E VO L U T I O N

Before discussing the effects of metallicity, binary interactions, EPS
model and IMF on the SFR calibrations, we give descriptions of for-
mation channels for some classes of objects and results concerning
binary evolution. We use the binary star evolution (BSE) code of
Hurley, Tout & Pols (2002). Using the same set of input parameters
and physics as in our works, Hurley et al. (2002) used the BSE code
to compare model results with observations for many objects [in-
cluding blue stragglers (BSs), Algol, cataclysmic variables, X-ray
binaries and so on] and found that they match well.

In the populations we constructed, if the component stars in a bi-
nary system were close enough, they would interact with each other
and experience processes such as mass transfer, mass accretion,
common-envelope (CE) evolution, collision, supernova kick, tidal
evolution, angular momentum loss and so on. As a consequence,
some binaries would evolve to/through systems comprising high-
temperature and high-luminosity stars [for example, BSs and helium
main-sequence (HeMS) stars] or these kinds of single stars. These
systems would significantly alter the spectra of SPs. Among the
above-mentioned processes, Roche lobe overflow (RLOF), CE and
merger processes are the most important ones regarding altering the
evolution sequences of stars, as expected from single star evolution.
In the following, we will describe the formation processes of BSs
and HeMS stars (for binary and single systems), the percentages of
BSs, HeMS stars and those systems experiencing RLOF, CE and
merger processes during the past 13.7 Gyr, and the dependences
of these results on certain parameters (including metallicity, stellar
wind and the CE ejection coefficient αCE = *Ebind/*Eorb, where
*Ebind and *Eorb are the energy added to the binding energy of the
envelope and the change in the orbital energy of the binary between
the initial and final states of the spiraling-in process) in our models.
In this section, the results and conclusions are obtained using SPs
composed of 104 binary systems. However, the results and conclu-
sion in Section 4 are based on SPs composed of 2.5 × 107 binary
systems.

In our models, Reimers’ mass-loss coefficient η is taken as 0.3, the
tidally enhanced mass-loss coefficient BW is set constant at 0, and
the CE ejection coefficient αCE = 1.0. In order to differentiate these
models from the results obtained using other sets of parameters
(Section 3.3), we call them the standard models. Moreover, it is
emphasized that the phases from main sequence (MS) to remnant
[white dwarf (WD), etc.] are included in the BSE code.
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Related	  to:	  
SFR	  calibration;
Zgas;	  
criterion:	  AGN/star-‐forming	  galaxies;	  
central	  ionizing	  source	  of	  HII	  regions;	  
re-‐shaped	  SED	  (in	  preparation).	  

HII	  regions
HII	  regions

• the	  conversion	  formula	  between	  the	  number	  of	  ionizing	  
photons	  Q(H)	  and	  Lemission.	  This	  is	  used	  in	  the	  stuides of	  
SFR	  calibrations,	  assume	   case	  B	  recombination	  at	  an	  electron	  temperature	  Te =	  10	  
000	  K	  and	  number	  density	  ne =	  100	  cm−3 at	  all	  metallicities.

• MAPPINGS	  photoionization	  models.

¢
SSP

CSP
SSP SSP

SSP
HII	  regions

where	  αB is	  the	  recombination	  coefficient	  to	  the	  excited	  lever	  in	  hydrogen	  ,	  which	  
depends	  on	  the	  electronic	  temperature,	  jB and	  αB are	  from	  Ferland (1980)	  and	  the	  
ratio	  α/β	  is	  taken	  from	  Osterbrock (1989).



a.	  SFR:	  c	  smaller [SFR=	  c	  Lha];
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Relation	  between	  SFR	  and	  LHα (the	  luminosity	  of	  Ha	  
recombination	  line)	  of	  E,	  S0,	  Sa-‐Sd galaxies	  when	  
using	  EPS	  models	  with	  and	  without	  binaries.



b.	  central	  ionizing	  source	  of	  HII	  regions:	  IA	  +	  young	  SPs;
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BPT	  diagram	  when	  using	  log	  (t/yr)	  =	  6.3	  (left)	  and	  7.5	  SPs	  (right)	  with	  (red,	  
solid	  line)	  and	  without	  (black,	  dashed	  line)	  BIs	  for	  nH =	  100	  cm−3.	  

c.	  criterion:	  AGN/star-‐forming	  galaxies	  moves	  towards	  the	  upper-‐right	  corner.
d.	  Zgas:	  smaller;
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M*é

t	  	  	  	  é

Z*	  	  é

SFR	  ê

border:	  AGN/SF	  galaxies	  ì

Zgas	  ê

SFH

gas	  cooling	  function/timescale

+

galaxy	  evolution

Zphot	  (redshift)
SED,	  starlight

photoio
nization	  
models

EPS	  
models

galaxy	  
models

Results:
• SFR	  calibration	  coefficient	  ê;
• Zgasê;
• criterion:	  AGN/SF	  galaxiesì;	  
• central	  ionizing	  source	  of	  HII	  regions;	  
• re-‐shaped	  SED	  (in	  preparation).	  

Combinations	  
with	  results:
Rapider	  at	  early	  
ages/more	  active,
Slower	  at	  late	  
ages/quieter.
SFR:	  current	  
activity;	  M*:	  
long-‐term	  activity

the	  cartoon	  model	  
gas	  =	  rice
stellar	  mass	  =	  weigh
gas-‐>stellar	  mass	  =	  rice-‐>weigh

Reasons:	  	  
naked	  He	  stars,	  
spectrum	  hardness	  &	  
line	  strength	  increase.	  



c.	  +	  ejected	  energy/elements
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Comparison	   in	  Ewind
between	  SPs	  with	  and	  
without	   binary	  
interactions	   (in	  
progress).

Motivations:
Binary	  stars:	  raise	  Ewind by	  105-‐8.	  feedback,	  formation	  of	  stars	  &	  galaxies;

change	  the	  element	  abundance	  ratios,	  gas	  cooling,	  …	  .
Systems:

Further:
Applications	  to	  Galactics semi-‐analytical	  galaxy	  models.

Models:	  
Energy:	  Assume	  wind	  mass	  carries	  orbital	  angular	  momentum.	  No	  SN.
Elements:	  In	  progress.	  

But,	  we	  use	  the	  set	  of	  alpha-‐enhanced	  metal	  mixture,	  MAPPINGS	  code,
Cooling	  function
Cooling	  timescale.
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border:	  AGN/star-‐forming	  galaxies	  ì

Zgas	  ê

SFH

gas	  cooling	  function/timescale

+

galaxy	  evolution

Zphot	  (redshift)
SED,	  starlight

photoio
nization	  
models

EPS	  
models

galaxy	  
models

UV	  upturn
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Figure 8. Integrated rest-frame intrinsic SEDs for a stellar population (including binaries) with a mass of 1010 M⊙ at a distance of 10 Mpc. Solid curves are
for the standard simulation set with binary interactions included, and the light-grey curves for the same population, but no binary interactions are considered;
the two components evolve independently.

interactions, we also defined a binary contribution factor bFUV (Sec-
tion 4.1.6), which is the fraction of FUV flux radiated by hot subd-
warfs produced by binary interactions.

Fig. 12 shows the FUV slope as a function of UV excess, a po-
tentially powerful diagnostic diagram which illustrates how the UV
properties of elliptical galaxies evolve with time in a dominant old
population with a young minor subpopulation. For comparison, we
also plot observed elliptical galaxies. Some of the observed galaxies
are from Astro-2 observations with an aperture of 10 × 56 arcsec2

(Brown et al. 1997), some are from IUE observations with an aper-
ture of 10 × 20 arcsec2 (Burstein et al. 1988). The value of βFUV

for NGC 1399, however, is derived from Astro-1 HUT observation
with an aperture of 9.4 × 116 arcsec2 (Ferguson et al. 1991), and its
(1550 − V) comes from the IUE observations. As the FUV light is
more concentrated towards the centre of the galaxy than the optical
light (Ohl et al. 1998), the value of (1550 − V) for NGC 1399 should
be considered an upper limit for the galaxy area covered by the ob-
servation. The galaxies plotted are all elliptical galaxies except for
NGC 5102, which is an S0 galaxy, and the nucleus of M 31, which

is a Sb galaxy. Active galaxies or galaxies with large errors in βFUV

from BBBFL have not been plotted.
Overall, the model covers the observed range of properties rea-

sonably well. Note in particular that the majority of galaxies lie
in the part of the diagram where the UV contribution from bina-
ries is expected to dominate (i.e. where bFUV > 0.5). The location
of M 60 and M 89 in this figure implies f ∼ 0.01 per cent and
tminor ∼ 0.11 Gyr with bFUV ∼ 0.5. Interestingly, inspection of the
HUT spectrum of M 60 (see the mid-left-hand panel of fig. 3 in
Brown et al. (1997)) shows the presence of a marginal C IV absorp-
tion line near 1550 Å. Chandra observations show that M 89 has a
low-luminosity AGN (Xu et al. 2005). This would make (1550 − V)
bluer and may also provide indirect evidence for low levels of star
formation.

The galaxy NGC 1399 requires special mention, as it is UV-bright
and the young star hypothesis was believed to have been ruled out
due to the lack of strong C IV absorption lines in its HUT spectrum
(Ferguson et al. 1991). However, any young star signature, if it
exists, would have been diluted greatly in the HUT spectrum, as the

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 1098–1118

Integrated	  rest-‐frame	  
intrinsic	  SEDs	  for	  a	  stellar	  
population	   (including	  
binaries)	  with	  a	  mass	  of	  1010
M⊙ at	  a	  distance	  of	  10	  Mpc.	  
Solid	  curves	  are	  for	  the	  
standard	  simulation	  set	  with	  
binary	  interactions	  included,	  
and	  the	  light-‐grey	  curves	  for	  
the	  same	  population,	   but	  no	  
binary	  interactions	  are	  
considered; the	  two	  
components	  evolve	  
independently (Han	  et	  al.	  
2007	  MN	  Fig.	  8).

d.	  UV	  upturn	  problem	  of	  elliptical	  galaxies



IV.	  Summary
Yunnan	  models:	  the	  inclusion	  of	  binary	  stars
– makes	  colours	  bluer,	  mass-‐to-‐light	  ratio	  in	  K	  band	  larger;
– raises	  the	  flux	  in	  the	  UV	  band	  and	  shortwards of	  the	  Lyman	  limit	  (ΔF~102,

ΔF~105)	  at	  large	  and	  intermediate	  ages;
– raises	  the	  wind	  power	  ejected	  to	  ISM	  (ΔEwind~105-‐8).

Applications	  to	  galaxies:	  the	  inclusion	  of	  binaries
• makes	  the	  derived	  M*,	  Z*,	  t larger;	  SFR,	   Zgas smaller;	  more	  active	  while	  

quieter	  at	  early	  and	  late	  ages;
• can	  explain	  UV	  upturn	  of	  elliptical	  galaxies;
• makes	  the	  border	  between	  AGN	  and	  SF	  galaxies	  move	  up-‐rightwards;
• raises	  cooling	  function	  (in	  progress).
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Welcome	  comments	  and	  suggestions.
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Old	  SPs:
explain	  UV	  upturn	  of	  elliptical	  galaxies.

2015年7月27日 23

1110 Z. Han, P. Podsiadlowski and A. E. Lynas-Gray

Figure 8. Integrated rest-frame intrinsic SEDs for a stellar population (including binaries) with a mass of 1010 M⊙ at a distance of 10 Mpc. Solid curves are
for the standard simulation set with binary interactions included, and the light-grey curves for the same population, but no binary interactions are considered;
the two components evolve independently.

interactions, we also defined a binary contribution factor bFUV (Sec-
tion 4.1.6), which is the fraction of FUV flux radiated by hot subd-
warfs produced by binary interactions.

Fig. 12 shows the FUV slope as a function of UV excess, a po-
tentially powerful diagnostic diagram which illustrates how the UV
properties of elliptical galaxies evolve with time in a dominant old
population with a young minor subpopulation. For comparison, we
also plot observed elliptical galaxies. Some of the observed galaxies
are from Astro-2 observations with an aperture of 10 × 56 arcsec2

(Brown et al. 1997), some are from IUE observations with an aper-
ture of 10 × 20 arcsec2 (Burstein et al. 1988). The value of βFUV

for NGC 1399, however, is derived from Astro-1 HUT observation
with an aperture of 9.4 × 116 arcsec2 (Ferguson et al. 1991), and its
(1550 − V) comes from the IUE observations. As the FUV light is
more concentrated towards the centre of the galaxy than the optical
light (Ohl et al. 1998), the value of (1550 − V) for NGC 1399 should
be considered an upper limit for the galaxy area covered by the ob-
servation. The galaxies plotted are all elliptical galaxies except for
NGC 5102, which is an S0 galaxy, and the nucleus of M 31, which

is a Sb galaxy. Active galaxies or galaxies with large errors in βFUV

from BBBFL have not been plotted.
Overall, the model covers the observed range of properties rea-

sonably well. Note in particular that the majority of galaxies lie
in the part of the diagram where the UV contribution from bina-
ries is expected to dominate (i.e. where bFUV > 0.5). The location
of M 60 and M 89 in this figure implies f ∼ 0.01 per cent and
tminor ∼ 0.11 Gyr with bFUV ∼ 0.5. Interestingly, inspection of the
HUT spectrum of M 60 (see the mid-left-hand panel of fig. 3 in
Brown et al. (1997)) shows the presence of a marginal C IV absorp-
tion line near 1550 Å. Chandra observations show that M 89 has a
low-luminosity AGN (Xu et al. 2005). This would make (1550 − V)
bluer and may also provide indirect evidence for low levels of star
formation.

The galaxy NGC 1399 requires special mention, as it is UV-bright
and the young star hypothesis was believed to have been ruled out
due to the lack of strong C IV absorption lines in its HUT spectrum
(Ferguson et al. 1991). However, any young star signature, if it
exists, would have been diluted greatly in the HUT spectrum, as the

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 1098–1118

Han	  et	  al.	  2007	  MN	  Fig.	  8

Comparison	  in	  the	  flux	  
for	  old	  SPs	  between	  with	  
and	  without	  binary	  
interactions.



For	  example
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REASON:	  
Mass-‐loss-‐rate	  increase,	  period	  decreases	  
when	  two	  components	  interact	  with	  each	  
other.
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1.4)	  Our	  EPS	  models	  for	  binary	  stellar	  populations	  (BSPs)
a)	  the	  definition	  of	  BSP:
In	  an	  instantaneous	  BSP,	  all	  stars	  are	  born	   in	  binaries	  and	  
born	  at	  the	  same	  time.

b)	  the	  initialization	  of	  BSP:
●the	  IMF	  of	  the	  primaries;	  
●the	  secondary-‐mass	  distribution;	  

●the	  distribution	  of	  orbital	  separations	  (or	  periods);

●the	  eccentricity	  distribution.

Miller	  &	  Scalo	  (1979)

(correlated	  and	  a	  uniform	  mass-‐ratio	  distribution)

50	  per	  cent	  of	  the	  binary	  systems	  have	  orbital	  periods	   less	  than	  100	  yr	  (the	  
upper	   limit	  for	  interaction).	  This	  fraction	  of	  50	  per	  cent	  for	  binaries	  with	  a	  
period	   less	  than	  100	  yr	  is	  a	  typical	  value	  for	  the	  Galaxy,	  resulting	   in	  ∼10	  per	  cent	  
of	  the	  binaries	  experiencing	  Roche	  lobe	  overflow	   (RLOF)	  during	   the	  past	  13	  Gyr.

a	  uniform	  eccentricity	  distribution,	   formed	   in	  eccentric	  obrits;	  
e=0,	  all	  binaries	  are	  initially	  circular.
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3.1 Formation channels for BSs and HeMS stars

Using the criterion of t > t(MS,M0) (i.e. the duration of the MS phase
is greater than the MS lifetime for any component star with an initial
mass of M0 in a binary system), in our models, BSs can be formed via
coalescence (MS+MS) and mass-transfer (MS+companion) pro-
cesses. In the case of coalescence, two subprocesses are included:
RLOF → contact → merge and RLOF → merge. In the mass-
transfer process, a MS star can stably accrete a companion’s mass
via RLOF or accrete a companion’s wind. The latter case (wind) pro-
duces relatively low-luminosity BSs because of the small amount
of accreted material. This has been confirmed by Pols & Marinus
(1994) and Hurley et al. (2005). In Fig. 1, we present the initial mass
ratio (qini −1.5) and period [log10(Pini/day)] of binaries as a function
of the onset-time; at this time, the system begins to experience BS,
HeMS, RLOF, CE and merger phases/processes for the first time
(see the definitions of these abbreviations in the first and second
paragraphs of Section 3), in the cases of standard models, η = 1,
BW = 104 and αCE = 3. From the top-left panel, we see that BSs via

the coalescence process (open circles) originate mainly from short-
period binaries, and the number of BSs derived via the coalescence
process is lower (∼12−27 per cent for the standard models from
Z = 0.0001 to 0.03) than that derived via the mass-transfer process.

In our models, HeMS stars are produced mainly by mass loss
[Hertzsprung gap→HeMS, the first giant branch (GB)→HeMS,
core helium burning→HeMS] and CE ejection processes. In the top-
right panel, the HeMS stars produced via the CE ejection process are
represented by open circles. In our standard models, only ∼8–17 per
cent of HeMS stars are formed via the CE ejection process.

3.2 Percentages of BSs, HeMS stars, binaries experiencing
RLOF, CE and merger processes and the dependence on Z

In the top part of Table 2, we give the percentages of BSs ( fBS),
HeMS stars ( fHeMS), and binaries experiencing RLOF ( fRLOF), CE
( fCE) and merger ( fmerge) processes during the past 13.7 Gyr for the
standard models at metallicity Z = 0.0001, 0.0003, 0.001, 0.004,

Figure 1. The initial mass ratio (left y-axis, qini −1.5, open rectangles) and period [right y-axis, log10(Pini/day), solid triangles] of binaries as a function of
the onset-time of BSs (excluding systems composed of BSs and WDs), HeMS stars, RLOF, CE and merger processes (top-left, top-right, intermediate-left,
intermediate-right and bottom-left panels). In each panel, the black, red, green and blue symbols are for the cases of standard models, η = 1.0, BW = 10 000 and
α = 3. Moreover, the small and large open circles in the top-left and top-right panels represent the mass ratio and period of BSs via coalescence and of HeMS
stars via CE ejection processes, respectively. The meanings of red dashed and green dot–dashed lines in the middle panels are explained in Section 3.3. For the
sake of clarity, the symbols are moved upwards in different cases. These results were obtained at solar metallicity.
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3.1 Formation channels for BSs and HeMS stars

Using the criterion of t > t(MS,M0) (i.e. the duration of the MS phase
is greater than the MS lifetime for any component star with an initial
mass of M0 in a binary system), in our models, BSs can be formed via
coalescence (MS+MS) and mass-transfer (MS+companion) pro-
cesses. In the case of coalescence, two subprocesses are included:
RLOF → contact → merge and RLOF → merge. In the mass-
transfer process, a MS star can stably accrete a companion’s mass
via RLOF or accrete a companion’s wind. The latter case (wind) pro-
duces relatively low-luminosity BSs because of the small amount
of accreted material. This has been confirmed by Pols & Marinus
(1994) and Hurley et al. (2005). In Fig. 1, we present the initial mass
ratio (qini −1.5) and period [log10(Pini/day)] of binaries as a function
of the onset-time; at this time, the system begins to experience BS,
HeMS, RLOF, CE and merger phases/processes for the first time
(see the definitions of these abbreviations in the first and second
paragraphs of Section 3), in the cases of standard models, η = 1,
BW = 104 and αCE = 3. From the top-left panel, we see that BSs via

the coalescence process (open circles) originate mainly from short-
period binaries, and the number of BSs derived via the coalescence
process is lower (∼12−27 per cent for the standard models from
Z = 0.0001 to 0.03) than that derived via the mass-transfer process.

In our models, HeMS stars are produced mainly by mass loss
[Hertzsprung gap→HeMS, the first giant branch (GB)→HeMS,
core helium burning→HeMS] and CE ejection processes. In the top-
right panel, the HeMS stars produced via the CE ejection process are
represented by open circles. In our standard models, only ∼8–17 per
cent of HeMS stars are formed via the CE ejection process.

3.2 Percentages of BSs, HeMS stars, binaries experiencing
RLOF, CE and merger processes and the dependence on Z

In the top part of Table 2, we give the percentages of BSs ( fBS),
HeMS stars ( fHeMS), and binaries experiencing RLOF ( fRLOF), CE
( fCE) and merger ( fmerge) processes during the past 13.7 Gyr for the
standard models at metallicity Z = 0.0001, 0.0003, 0.001, 0.004,

Figure 1. The initial mass ratio (left y-axis, qini −1.5, open rectangles) and period [right y-axis, log10(Pini/day), solid triangles] of binaries as a function of
the onset-time of BSs (excluding systems composed of BSs and WDs), HeMS stars, RLOF, CE and merger processes (top-left, top-right, intermediate-left,
intermediate-right and bottom-left panels). In each panel, the black, red, green and blue symbols are for the cases of standard models, η = 1.0, BW = 10 000 and
α = 3. Moreover, the small and large open circles in the top-left and top-right panels represent the mass ratio and period of BSs via coalescence and of HeMS
stars via CE ejection processes, respectively. The meanings of red dashed and green dot–dashed lines in the middle panels are explained in Section 3.3. For the
sake of clarity, the symbols are moved upwards in different cases. These results were obtained at solar metallicity.
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In	  our	  models,	  BSs	  can	  be	  formed	  via	  coalescence	  (MS+MS)	  and	  mass-‐transfer	  
(MS+companion)	   processes.	  The	  number	   of	  BSs	  derived	  via	  the	  coalescence	  process	  
is	  lower	  (∼12−27	  per	  cent	  for	  the	  standard	  models	   from	  Z	  =	  0.0001	  to	  0.03)	  than	  that	  
derived	  via	  the	  mass-‐transfer	  process.	  
HeMS stars	  are	  produced	  mainly	  by	  mass	  loss	  [Hertzsprung gap→HeMS,	   the	  first	  
giant	  branch	  (GB)→HeMS,	   core	  helium	  burning→HeMS]	   and	  CE	  ejection	  processes.	  
Only	  ∼8–17	  per	  cent	  of	  HeMS stars	  are	  formed	  via	  the	  CE	  ejection	  process.	  
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