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A B S T R A C T 

We present theoretical mass estimates of 26 Al and 

60 Fe throughout the Galaxy, performed with a numerical chemical evolution 

model including detailed nucleosynthesis prescriptions for stable and radioactive nuclides. We compared the results for several 
sets of stellar yields taken from the literature, for massi ve, lo w and intermediate mass stars, nova systems (only for 26 Al) and 

supernovae T ype Ia. W e then computed the total masses of 26 Al and 

60 Fe in the Galaxy. We studied the bulge and the disc of the 
Galaxy in a Galactocentric radius range of 0–22 kpc. We assumed that the bulge region (within 2 kpc) evolved quickly suffering 

a strong star formation burst, while the disc formed more slowly and inside–out. We compared our results with the 26 Al mass 
observed by the gamma-ray surveys COMPTEL and INTEGRAL to select the best model. Concerning 

60 Fe, we do not have any 

observed mass value so we just performed a theoretical prediction for future observations. In conclusion, low, intermediate mass 
stars, and Type Ia supernovae contribute negligibly to the two isotopes, while massive stars are the dominant source. The nova 
contribution is, ho we ver, necessary to reproduce the observ ations of 26 Al. Our best model predicts 2.12 M � of 26 Al, in agreement 
with observations, while for 60 Fe our best mass estimate is ∼1.05 M �. We also predicted the present injection rate of 26 Al and 

60 Fe in the Galaxy and compared it with previous results, and we found a larger present time injection rate along the disc. 

Key words: Galaxy: abundances – Galaxy: bulge – Galaxy: disc. 
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 I N T RO D U C T I O N  

he gamma-ray astronomy maps the emission in the γ band produced
hroughout the galaxies. The latest gamma surv e ys, COMPton TELe-
cope (COMPTEL; see Sch ̈onfelder et al. 1984 ) and INTErnational
amma-Ray Astrophysics Laboratory (INTEGRAL; see Winkler
994 ), were both designed to detect the decay emission in the Galaxy
f two unstable elements, 26 Al and 60 Fe. They are both short-lived
adioisotopes (from now on SLRs), with decay time τ 26Al = 1.05 Myr
nd τ 60Fe = 3.75 Myr for 26 Al and 60 Fe, respectively (Diehl 2013 ).
heir lifetimes make them suitable for the study of the recent history
f the Milky Way, with particular focus on the latest nucleosynthesis
vents (see Brinkman et al. 2021 ). These elements are considered
racers of the regions of active star formation (Limongi & Chieffi
006 ): massive stars are the main contributors to their Galactic
bundance, so the present observations of 26 Al and 60 Fe mark the
egions where stars were formed within the last millions of years.
or the same reason, they are also tracers of the ejects of Supernovae
SNe) core-collapse (Type II, Ib, Ic): the decay emission lines help in
ighlighting the flow of material through the ISM after the explosion.
Between 1991 and 2000, the imaging telescope COMPTEL

erformed an all-sky survey to detect the 1.809 MeV emission line
roduced during the 26 Al decay into 26 Mg (Diehl 1995 ). The detec-
ion system was composed of two detector planes: at first, a photon
 E-mail: arianna.vasini@inaf.it 
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ompton scattered on the upper plane and then it was absorbed by
he lower plane. The coincidence of the two events determined the
etection of a 1.809 MeV photon. The data analysis highlighted the
resence of a diffuse emission at 1.809 MeV on the Galactic plane,
ith some emission spots superimposed. Quantitatively, COMPTEL

stimated around 1.5 −2 M � of 26 Al within 5 kpc from the Galactic
entre (Prantzos & Diehl 1996 ). 

Later, in 2002 INTEGRAL performed measurements both for 26 Al
nd 60 Fe (Diehl 2013 ). The data collected for 26 Al confirmed the
arlier COMPTEL results: the emission is diffused and the 26 Al
ass within 5 kpc from the Galactic centre ranges from 1.7 ± 0.2 M �

Martin et al. 2009 ) to 2.0 ± 0.3 M � (Diehl et al. 2010 ; Diehl 2016 ),
epending on the assumed source location. Concerning 60 Fe, only
ts flux was measured: the brightness of its two emission lines, 1.173

eV and 1.332 MeV, was ∼ 15 per cent ± 5 per cent of that of 26 Al.
he irradiation by cosmic rays in the spacecraft produced 60 Co nuclei

hat interfered with the instruments, preventing a 60 Fe mass estimate.
Unfortunately, the progresses in gamma-ray observations were

ot followed at the same rate by chemical evolution investigations,
hich could have offered new theoretical constraints independent of

he observational ones. One of the main reasons for this lack is the
omplexity of the treatment of radioactive nuclei within a standard
hemical evolution model. To obtain easy and explicit solutions for
he equations, the adopted models were mainly analytical, such as
hose developed by Clayton ( 1984 ) and Clayton ( 1988 ). The limits
f analytical models are the assumptions necessary to derive the
olution which are typically very restrictive. For example, some
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 

mailto:arianna.vasini@inaf.it


Radioactive elements 4257 

m
s  

v
r
t  

i
(
a
f
o

 

n
m
o  

l  

r  

(  

i

a  

e  

b  

2  

a  

t  

a  

(
p  

t
g
h
e  

o
s  

c
o
i  

m  

γ

w
 

t  

o
w  

m

2

I
o
c

2

2

W  

2
 

i  

e  

e  

M  

b  

i  

f  

o
d
T
G  

m  

I  

s  

e
a  

 

f
o

S

w  

i
S  

t  

c  

t  

a
 

(

I

T  

a

A

T  

t  

a  

σ  

a  

t  

o
r  

a  

−  

2  

t  

b  

e  

n  

T  

f  

s  

S  

t
 

a  

w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/3/4256/6767611 by U
niversita degli Studi di Trieste user on 19 July 2023
odels consider only one burst of star formation, simulating a 
tellar population formed at the same time and from the same gas, a
ery rough hypothesis for the evolution of the Milky Way. Another 
estrictive hypothesis is IRA (instantaneous recycling approxima- 
ion): stars with mass < 1 M � never die, whereas stars > 1 M � die
nstantaneously, thus enriching immediately the interstellar medium 

ISM) with their nucleosynthesis products. In other words, this 
pproximation neglects the stellar lifetimes and is acceptable only 
or elements produced on time-scales negligible relative to the age 
f the Universe. 
The most robust way to study chemical evolution is by using

umerical models, both for stable and unstable nuclei: in these 
odels, we allow for many stellar generations and different histories 

f star formation and we take into account in detail the stellar
ifetimes and stellar yields. In the past, detailed numerical models for
adioactive nuclides have been computed by Timmes et al. ( 1995 )
 

26 Al and 60 Fe) and by C ̂ ot ́e et al. ( 2019 ), this latter focused on the
sotopic ratios at the time of formation of the Solar system. 

This work is aimed at analysing the chemical evolution of 26 Al 
nd 60 Fe in the Milky Way by means of a very detailed chemical
volution model, already tested for a wide set of data relative to
oth the solar vicinity and the whole disc (see Romano et al. 2010 ,
020 ; Palla et al. 2020 ). The model, accounting for the formation
nd evolution of the thick- and thin- disc, is a revised version of the
w o-inf all model of Chiappini et al. ( 1997 ). For the bulge we adopt
 separate model taken from Matteucci et al. ( 2019 ). Both models
for discs and bulge) take into account detailed stellar lifetimes, SN 

rogenitors, and detailed stellar yields. Moreo v er, the y assume that
he two discs and bulge formed by different episodes of extragalactic 
as accretion, occurring on different time-scales. Here, these models 
ave been improved by including the equations for the radioactive 
lements 26 Al and 60 Fe. The adopted stellar yields are the most recent
nes and they include massive stars, asymptotic giant branch (AGB) 
tars, super-AGB stars, Type Ia SNe, and, for the first time, the
ontribution of novae to radioactive nuclide production. We aim at 
btaining new theoretical constraints to the observed mass of 26 Al 
n the Galaxy, as well as providing a clear prediction for the 60 Fe

ass in the Milky Way that could be used as a reference for future
observations. We also intend to compare results with the previous 
ork on 26 Al and 60 Fe by Timmes et al. ( 1995 ). 
The paper is structured as follows: in Section 2 , we describe

he chemical evolution model; in Section 3 , we show the results
btained; in Section 4 , we compare some theoretical predictions 
ith the observational constraints; and in Section 5 , we draw the
ain conclusions. 

 T H E  M O D E L  

n this section, we present the main assumptions and characteristics 
f the adopted chemical evolution model for the different galactic 
omponents (discs and bulge). 

.1 Main assumptions 

.1.1 Thick and thin discs 

e aim at studying the evolution of the chemical abundances of
6 Al and 60 Fe throughout the whole Galaxy, both in the bulge and
n the discs. To purse this objective, for the thick- and thin-disc
volution we consider the tw o-inf all model as described by Chiappini
t al. ( 1997 ) and Chiappini et al. ( 2001 ), then revised by Romano &
atteucci ( 2003 ) and Romano et al. ( 2010 , 2020 ) and more recently
y Grisoni et al. ( 2017 ) and Spitoni et al. ( 2019 ). During the first fast
nfall episode (lasting no longer than 1 Gyr), the thick disc forms,
ollowed by the second accretion event that forms the thin disc and
ccurs on much longer time-scales that increase with Galactocentric 
istance (inside–out formation, see Matteucci & Fran c ¸ois, 1989 ). 
he Galactic thin-disc is divided into concentric rings around the 
alactic Centre, each of them 2 kpc wide, without any exchange of
atter among them. The first ring inside 2 kpc contains the bulge.

nside each ring, homogeneous mixing of gas is assumed. The total
urface mass density in each ring is tuned to reproduce the observed
xponential present time distribution (see later). The amount of gas 
nd its chemical composition are instead the unknowns of our model.

To describe the Galactic thin disc ( R > 2 kpc), we assumed the star
ormation rate (SFR) as suggested by Schmidt–Kennicutt, based on 
bservational data of local star-forming galaxies (Kennicutt 1998 ): 

FR ( r, t) ∝ νσ k 
gas ( r, t) , (1) 

here σ gas ( r , t ) is the gas surface mass density and k = 1.4 the law
ndex. The parameter ν is the star formation efficiency, namely the 
FR per unit mass of gas, which is set to ν = 1 Gyr −1 . This value of

he efficiency of star formation ensures that the present time SFR is
ompatible with the observed values. For the thick disc, we assume
he same law but with an efficiency of star formation ν = 2 Gyr −1 in
greement with previous works (e.g. Grisoni et al. 2017 ). 

The IMF adopted is the three-slopes power law by Kroupa et al.
 1993 ) for the solar vicinity: 

MF K 

( M) ∝ 

⎧ ⎨ 

⎩ 

M 

−0 . 3 M < 0 . 5M �
M 

−1 . 2 0 . 5 < M/ M � < 1 , 
M 

−1 . 7 M > 1M �
(2) 

he IMF is assumed to be valid in the mass range of 0.1 −100 M �,
s in the majority of chemical evolution models. 

The tw o-inf all law is assumed to be (see Matteucci 2021 ) 

 ( R, t) = a( R)e −t/τT + b( R)e −( t−t max ) /τD ( R) , (3) 

he parameters a ( R ) and b ( R ) are tuned to reproduce the present time
otal surface mass density of the thick and thin disc, respectively. We
ssumed as total present day surface mass density in the solar vicinity
= 54 M � pc −2 (Romano et al. 2000 ). The parameters τ T and τD ( R )

re the timescales of the two infall episodes, expressed in Gyr, where
he first is related to the formation of the thick-disc, while the second
ne is connected with the thin-disc and varies with Galactocentric 
adius. We assumed, in agreement with previous works τ T = 1 Gyr
nd we computed τD ( R ) using the relation τD ( R ) = 1.033 · ( R /kpc)

1.267 Gyr to account for the ‘inside–out’ scenario (Chiappini et al.
001 ). Moreo v er, t max = 1 Gyr is the time of the maximum infall in
he second accretion episode: in other words, it indicates the delay
etween the end of the first and the beginning of the second infall
pisode. In Fig. 1 , we show the SFR as a function of time in the solar
eighbourhood. The two peaks are due to the assumed double infall.
he first infall, with 1 Gyr of time scale, during which the thick-disc

ormed, is responsible for the first peak, whereas the second infall,
till ongoing at the present time formed the thin-disc. The present
FR value at 8 kpc is around ∼3 M � pc −2 Gyr −1 , in agreement with

he observations (see Prantzos et al. 2018 ). 
Since SNe Ia and core-collapse, as well as novae, are considered

s producers of the elements 26 Al and 60 Fe, we describe here how
e do compute their rates. 
MNRAS 517, 4256–4264 (2022) 
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M

Figure 1. The red line represents the SFR(t) at 8 kpc as a function of time. 
The SFR in the solar neighbourhood, according to the prescriptions assumed, 
shows two peaks: the first infall is responsible of the first SFR peak, then SFR 

drops until the second infall starts and SFR increases again. The blue line 
marks the observed present time SFR according to Prantzos et al. ( 2018 ). 
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Figure 2. SFR(t) at 2 kpc as a function of time in the first 3 Gyr since the 
beginning of star formation. The prescriptions assumed (high star formation 
efficiency, short time-scale and single infall episode) produce a SFR extremely 
high at the beginning of the Galaxy which decreases immediately due to the 
fast gas consumption. 
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The SNIa rate is given by (see Matteucci & Greggio 1986 ;
atteucci & Recchi 2001 ) 

 SNIa ( t) = A B 

∫ M BM 

B Bm 

ϕ( m ) 

[∫ 0 . 5 

μB min 

f ( μB ) ψ( t − τm 2 ) 

]
d m, (4) 

here A B = 0.09 is the fraction of binary systems able to produce
n SNIa assuming a single degenerate scenario, and is chosen to
eproduce the present time type Ia SN rate. The mass M Bm 

is a free
arameter, M BM 

= 16 M �, f ( μB ) is the distribution of the mass ratio
B = M 2 / M B between the two companions and τm2 is the lifetime
f the secondary star, that dies later and represents the clock of the
inary system. The term Q mi ( t − τm 2 ) is the production matrix as
efined by Talbot & Arnett ( 1973 ): it is the fraction of element i
jected by a star of mass m , both newly formed by the star or already
resent in the gas out of which the star was formed. 
The core-collapse SN rates are expressed as 

 SNII , Ib , Ic ( t) = 

∫ M U 

M L 

ψ( t − τm 

) ϕ( m )d m (5) 

ith M L = 8 M �, M U = 30 M � for SNe II, and M L = 30 M � and
 U = 100 M � for SNe Ib and Ic, and τm represents the stellar lifetime,

dopted from Romano et al. ( 2010 ). Concerning the rate of novae
binary systems with a white dwarf plus a low-mass companion),
e assumed the formation rate of nova systems as described by
omano & Matteucci ( 2003 ). In particular, the rate of nova formation
t a given time t is computed as the fraction α of the rate of formation
f white dwarfs: 

 novae ( t) = α

∫ 8 

0 . 8 
ψ( t − τm 

− 
t) ϕ( m )d m, (6) 

s it was originally suggested by D’Antona & Matteucci ( 1991 ). The
arameter α indicates the fraction of binary systems which can give
ise to nova systems and is chosen to be α = 0.024. With this value,
e obtain a present time nova rate of 43 nova yr −1 (see Table 5 ) in

greement with observations in the Galaxy (Della Valle & Izzo 2020 ,
nd references therein; Shafter 2017 ). The time 
 t takes into account
he fact that the white dwarfs in nova systems should be cool, and it
orresponds to 1 Gyr. 

The rate of nova outbursts is then obtained by multiplying the
ate of nova system formation for the estimated number of outbursts
NRAS 517, 4256–4264 (2022) 
uring the life of a nova system: 

 novaout ( t) = 10 4 · R novae ( t) , (7) 

here the number of outbursts (10 4 ) is taken by Ford ( 1978 ). 

.1.2 The bulge 

s already stated, the previous assumptions are valid only for the
alactic thick- and thin-disc ( R > 2 kpc), whereas for the bulge

 R ≤ 2 kpc) the prescriptions are different. We follow the model
y Matteucci et al. ( 2019 ), which already reproduces the main
bservational bulge features. 
The SFR is again that by Kennicutt ( 1998 ) as reported in equa-

ion ( 1 ), but with a higher star formation efficiency ν = 25 Gyr −1 

nd the IMF by Salpeter ( 1955 ), which is more top-heavy than the
ne for the discs and is in agreement with the IMF derived for the
ulge by Calamida et al. ( 2015 ). 

In particular, 

MF S ( M) ∝ M 

−2 . 35 , (8) 

alid in the mass range of 0.1 −100 M �. These choices are required if
ne wants to reproduce the stellar metallicity distribution function as
ell as the abundance patterns of the bulge (see Cescutti & Matteucci
011 ; Matteucci et al. 2019 ). 
We assumed that the bulge formed very quickly during the first

nfall event which involved the thick disc, so the accretion law is 

 ( R, t) = a( R)e −t/τB , (9) 

here τB = 0.1 Gyr, shorter than for the thick and thin discs. 
This choice of the input parameters outlines a bulge with an intense

tar formation at the beginning of its history, which leads to a quick
onsumption of gas with the consequence of almost no star formation
t the present time. The SFR in the bulge during the first 3 Gyr is
hown in Fig. 2 , where one can see that the gas in the bulge is very
uickly consumed and star formation becomes very low already
efore 1 Gyr since the beginning of star formation, and it maintains
he same value of ∼0.2 M � pc −2 Gyr −1 up to the present time, in
greement with observations. In fact, the observed number of stars
ith ages lower than 5 Gyr should be not higher than ∼ 10 per cent
f the total (Bernard et al. 2018 ) and the youngest ones could have

art/stac2981_f1.eps
art/stac2981_f2.eps
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Table 1. Models for dif ferent massi ve star yields. The first column reports the model identification, the second column contains the reference and the third 
column is used for the details of the models, to distinguish those taken from the same reference. For nova yields (only for 26 Al), in the third column are listed 
the adopted values. These values are the production during one outburst. We then assume 10 4 outbursts in total during the life of a nova system. 

Model Reference Characteristics 
Massive stars 

Model 1 Woosley & Weaver ( 1995 ) Metallicity dependent (Zdep) 

Model 2 Woosley & Weaver ( 1995 ) Solar metallicity (Z �) 
Model 3 Limongi & Chieffi ( 2006 ) Schwarzschild criterion 
Model 4 Limongi & Chieffi ( 2006 ) Ledoux criterion 
Model 5 Limongi & Chieffi ( 2018 ) 

Nova systems (only for 26 Al) 
Model A Jos ́e & Hernanz ( 2007 ) Low production (1.38E −4 M �) 
Model B Jos ́e & Hernanz ( 1998 ) Intermediate production (3.82E −4 M �) 
Model C Jos ́e & Hernanz ( 2007 ) High production (7.69E −4 M �) 
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een accreted from the inner thin- disc (see Matteucci et al. 2019 ).
herefore, the contribution of the bulge to the present time observed 
asses of 26 Al and 60 Fe, which have decay time-scales of the order

f few million years, is negligible. On the contrary, the disc is still
orming stars at the present time and therefore it contributes to the
bserved masses of the two radionuclides. In our model, the SFR is,
n fact, active in the thin-disc now and in agreement with the present
ime observed values (see later). 

.2 Chemical evolution equations 

ur previous model has been here impro v ed by including chemical
volution equations for radioactive elements, in particular, for a given 
lement i we have the following equation: 

d( X i M gas ) 

d t 
= −X i ( t ) ψ ( t ) + R i ( t) + X A A ( t) −

Radioactive decay ︷ ︸︸ ︷ 
λi X i ( t) M gas , (10) 

here X i ( t ) ψ( t ) is the rate at which the element i is included in new
tars that are forming at the time t , R i ( t ) accounts for the injection
ate of the element i in the ISM and X A A ( t ) represents the infall
ontribution. The last term, λi X i ( t ) M gas , where λi is the decay constant
f the element i , accounts for the radioactive decay in the ISM. The
ecay constant is the inverse of the decay time-scale and we have
26 Al = 1.05 Myr and τ 60Fe = 3.75 Myr (Diehl 2013 ). 
The radioisotopes decay also in the stellar interior, and this fact 

s taken into account in the equations through the production matrix 
 mi ( t − τm ), involved in the calculation of the contribution by each
ind of star. The diagonal terms of such a matrix represent the fraction
f elements which are not processed by the star, but that are ejected in
he ISM in their original form. For a radioactive nucleus this fraction
ecreases during the life of the star due to the decay: to consider this
henomenon we added an exponential factor e −λi τm to the diagonal 
erms of the matrix. 

The most noteworthy aspect of equation ( 10 ) is that it is valid both
or stable and unstable nuclei. In fact, for stable nuclei λi = 0, so the
ecay term in equation ( 10 ) is zero and the exponential factor added
n the production matrix equals 1. 

.3 Nucleosynthesis and yields 

mong the input parameters, the nucleosynthesis plays a major role 
n this study. To account for the production of 26 Al and 60 Fe, we
onsidered the contribution by massive stars ( M ≥ 13 M �), AGB
tars ( M ≤ 6 M �), S-AGB stars (6 M � < M < 13 M �), SNIa and,
nly for 26 Al, nova systems. 
F or massiv e stars ( M ≥ 13 M �), which are the main producers
f the two studied nuclides, we tested four different yield sets:
oosley & Weaver ( 1995 ) with initial metallicity dependence 

WW95Zdep), W oosley & W eaver ( 1995 ) at the solar metallicity
nly (WW95 Z �), Limongi & Chieffi ( 2006 , hereafter LC06), and
imongi & Chieffi ( 2018 , hereafter LC18). The set of yields by LC18

s also dependent of stellar rotation. The authors provide yields for
hree different rotational velocities: 0, 150, and 300 km s −1 . We
mplemented this set in our model assuming that all stars with [Fe/H]

−1 dex are fast rotators, whereas those with [Fe/H] > −1 dex are
on-rotating, as suggested by Romano et al. ( 2019 ). For 60 Fe, LC06
f fers two dif ferent models depending on the convection criterion
dopted, namely Schwarzschild or Ledoux criterion. In this study, 
e tested both of them for a total of five sets of massive star yields

or 60 Fe and only four sets for 26 Al. 
For AGB stars ( M ≤ 6 M �), we adopted the yields by Karakas

 2010 ), and for S-ABG stars (6M � < M < 13M �), those by Doherty
t al. ( 2014a , b ). We underline that for stars within the mass interval
0–13 M � we assumed constant yields because Doherty et al. 
 2014a , b ) do not provide values for this mass range. 

To account for the contribution by SNIa, we assumed the yields
y Nomoto, Thielemann & Yokoi ( 1984 ). 
Finally, we considered three different sets of yields for the nova

ystem production of 26 Al: one by Jos ́e & Hernanz ( 1998 ) (Model B)
nd two by Jos ́e & Hernanz ( 2007 ) (Models A and C). In particular,
n Jos ́e & Hernanz ( 1998 ) seven models for CO novae and seven
odels for ONe novae are listed. We selected the best one following

he suggestion by Romano & Matteucci ( 2003 ). We assumed that the
0 per cent of the nova systems are ONe novae and the remaining
0 per cent are CO novae, and the best model for each kind of novae
s the average among the seven available: 

 X 26 Al 〉 = 0 . 7 〈 X 26 Al 〉 CO + 0 . 3 〈 X 26 Al 〉 ONe . (11) 

n addition, we also computed a fourth model without nova produc-
ion. Being the nova nucleosynthesis independent of that by massive 
tars, for 26 Al we tested the four massive star yields all combined
ith the four nova sets of yields, for a total of 16 yield sets tested.
he values of the mass of 26 Al produced in a nova outburst are listed

n Table 1 . These values are then multiplied by the expected number
f outbursts during the lifetime of a nova system that we assume to
e 10 4 (Bath & Shaviv 1978 ). 
For 60 Fe, as anticipated, no nova production is assumed, so we

ested only the five massive star sets of yields. 
The yield sets are shown in Table 1 . In the first column, the models

re listed, in the second column is reported the reference and the third
MNRAS 517, 4256–4264 (2022) 



4260 A. Vasini, F. Matteucci, and E. Spitoni 

M

Table 2. Final models, combining massive stars and nova yields, for 26 Al. 
The first column reports the label given to the models with combined yields. 
The second and third columns contains the prescriptions adopted for massive 
star yields and nova yields, respectively. ‘Model 4’ is missing because for 
26 Al it is equi v alent to ‘Model 3’. These two models are different only for 
60 Fe. 

Combined models (only for 26 Al) 
Final label Massive stars Nova systems 

Model 1 Model 1 No production 
Model 1A Model 1 Model A 

Model 1B Model 1 Model B 

Model 1C Model 1 Model C 

Model 2 Model 2 No production 
Model 2A Model 2 Model A 

Model 2B Model 2 Model B 

Model 2C Model 2 Model C 

Model 3 Model 3 No production 
Model 3A Model 3 Model A 

Model 3B Model 3 Model B 

Model 3C Model 3 Model C 

Model 5 Model 5 No production 
Model 5A Model 5 Model A 

Model 5B Model 5 Model B 

Model 5C Model 5 Model C 
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niversita
olumn contains details of different models belonging to the same
eference. 

For 26 Al, the combination of massive star yields with nova system
ields is labelled as described in Table 2 . The first column refers
o the final label, the second to the massive star yields, and in the
hird column the nova yields are listed. We remind that the models
abelled as ‘Model 3’ and ‘Model 4’ are different only for 60 Fe due
o the different convection criteria adopted, whereas for 26 Al they
roduce the same results. In Table 2 , when combining the massive
tar production with the nova production of 26 Al, ‘Model 4’ has been
eglected because no differences exist with ‘Model 3’. 
NRAS 517, 4256–4264 (2022) 

Table 3. Integrated mass of 26 Al within three different Gal
mass within 5 kpc with that observed by INTEGRAL, whic
are in agreement with the observed interval: Model 1C, Mod

Radius (kpc) Model 1 (M �) Model 1A (

5 0.10 0.50 
8 0.36 1.38 
18 0.65 2.32 

Radius (kpc) Model 2 (M �) Model 2A (
5 0.45 0.85 
8 1.10 2.12 
18 1.84 3.51 

Radius (kpc) Model 3 (M �) Model 3A (
5 0.38 0.80 
8 0.97 2.07 
18 1.72 3.60 

Radius (kpc) Model 5 (M �) Model 5A (
5 0.05 0.46 
8 0.19 1.22 
18 0.34 2.01 
 RESULTS  

ere, we show the results obtained with the models described abo v e.
or each model, we computed the integrated mass and the integrated

njection rates of 26 Al and 60 Fe as a function of Galactocentric radius,
nd, where possible, we compared these theoretical results with the
bservations. 

.1 26 Al mass 

 or 26 Al, the surv e ys COMPTEL and INTEGRAL observed a mass
n the range of 1.8 −3.6 M � within 5 kpc from the Galactic Centre,
o we considered each model within this interval as an acceptable
ne. In Table 3 , we listed the masses of 26 Al computed within three
ignificant Galactocentric radii: 5 kpc (the observations scale radius),
 kpc (the solar neighbourhood), and 18 kpc (the outer border of the
alaxy). We compared the value at 5 kpc with the observations, in
rder to highlight the best models. From Table 3 we notice that the
odels without nova production, those with low nova production

Model A) and with moderate nova production (Model B) produce
oo low mass of 26 Al, independent of the massive star yields. On
he contrary, Model C (high nova contribution) al w ays agrees with
he observations. The four compatible models are Model 1C, Model
C, Model 3C, and Model 5C and are all shown in Fig. 3 , together
ith the observed interval (thick yellow line) and three non-fitting
odels, Model 2, Model 2A, and Model 2B, chosen as representative

xamples. In addition, the red dot at 2M � represents the most
lausible observation of 26 Al at 5 kpc according to Diehl et al. ( 2010 )
nd Diehl ( 2016 ). By means of Fig. 3 we were able to select the best
odel: among the four compatible ones, Model 1C (dash–dotted

ed line) is the best, with 2.12 M � of 26 Al produced, which is the
losest value to the observations. These results suggest that the nova
ontribution to 26 Al cannot be avoided in order to reproduce the
bservations. 

.2 60 Fe mass 

lso for 60 Fe, we computed the integrated mass within 5, 8, and
8 kpc, which are listed in Table 4 . Nevertheless, we did not
actocentric radii: 5, 8, and 18 kpc. We compared the 
h lies in the range of 1.8 −3.6 M �. Only four models 
el 2C, Model 3C, and Model 5C. 

26 Al results 
M �) Model 1B (M �) Model 1C (M �) 

1.22 2.12 
3.20 5.86 
5.29 9.76 

M �) Model 2B (M �) Model 2C (M �) 
1.56 2.69 
3.94 6.82 
6.48 11.17 

M �) Model 3B (M �) Model 3C (M �) 
1.55 2.73 
4.02 7.11 
6.95 12.24 

M �) Model 5B (M �) Model 5C (M �) 
1.17 2.29 
3.03 5.91 
4.98 9.67 
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Figure 3. Integrated mass of 26 Al as a function of Galactocentric distance for 
seven models among the computed ones. Model 1C (dash–dotted red line), 
Model 2C (solid orange line), Model 3C (dash-dot–dotted green line), and 
Model 5C (dashed blue line) are the only four compatible models we obtained. 
The three black lines are Models 2, 2A, and 2B, plotted as examples of non- 
compatible models (they were chosen as the highest model among those 
which do not fit the observations). We stress that Model 2 without novae is 
a factor of 5 lower than the compatible model. The yellow band represents 
the observed values and the red dot is the best observation. Although 1C, 2C, 
3C, and 5C all offer a mass value within 1.8 −3.6 M � at 5 kpc, Model 1C is 
the closest to the best observation, ∼2 M �. 
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Figure 4. Integrated mass of 60 Fe as a function of Galactocentric radius 
obtained with the five models tested. It is evident that Model 1 (dash-dot–
dotted red line) and Model 5 (dotted black line), which are the two metallicity 
dependent ones, produce the lowest 60 Fe masses, whereas Models 2, 3, and 
4 produce higher masses of 60 Fe. According to the conversion between flux 
ratio and abundance ratio, 60 Fe should lie in the range of 0.9 −1.8 M �. Our 
best model is Model 3 with 1.05 M � produced within 5 kpc from the Galactic 
Centre. 
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erform an observational comparison, due to the absence of a 60 Fe 
ass estimate. The computed values can work as predictions and 

onstraints for future observations. In Fig. 4 , we show the integrated
asses of 60 Fe as functions of the Galactocentric distance for all 
ve models, with the yellow stars representing the predicted mass of

0 Fe at 5 kpc for each model. Model 1 (dash-dot–dotted red line) and
odel 5 (dotted black line) are much lower than the other three, due

robably to their metallicity dependence of the yields. Models 2, 3, 
nd 4 differ for the input prescriptions, but the results they offer are
imilar. 

To identify the best model, we considered the flux ratio 60 Fe/ 26 Al
bserved by INTEGRAL. INTEGRAL measured a ratio in the 
ange of 0.2 −0.4 which corresponds to a mass ratio that lies in the
ange of 0.46 −0.92. Therefore, by assuming that the best 26 Al mass
bservation is 2 M �, 60 Fe mass should lie in the range of 0.9 −1.8 M �.
 ratio lower than unity means that the mass of 60 Fe is lower than

hat of 26 Al. We stress that Model 3 is extremely noteworthy from
his point of view: it is the only compatible model among those
ested, since it produces 1.05 M � of 60 Fe within 5 kpc form the
alactic Centre. Given that we can consider Model 3 (LC06 with 
chwarzschild production criterion) as the best model for 60 Fe. 
Table 4. Integrated mass of 60 Fe within 5, 8, and 18 kpc for the fi
comparison with the gamma observations because no mass estimate 
the 60 Fe mass at different Galactocentric distances, and can be used a

Radius (kpc) Model 1 (M �) Model 2 (M �) 

5 0.20 0.87 
8 0.71 2.17 
18 1.28 3.64 
.3 Injection rates 

y means of Model 2, we also computed the present time integrated
njection rates (measured in M � pc −1 Gyr −1 ), for both 26 Al and 60 Fe:
hey represent the present rate at which these elements are injected
nto the ISM and are integrated assuming that they are constant in
ach Galactocentric ring. In Fig. 5 , we show the comparison between
he injection rates computed here and those of Timmes et al. ( 1995 ).
he solid red line and the dashed blue line represent the integrated

njection rates we obtained for 26 Al and 60 Fe, respectively. In Model
, we assumed the same yields and the same IMF (Salpeter ( 1955 )
ormalized from 0.08 M � to 40 M �), as in Timmes et al. ( 1995 ),
n order to compare with their results. In Fig. 5 , are reported also
he results of Timmes et al.( 1995 ): the dotted red line and dash–
otted blue line are the integrated injection rates for 26 Al and 60 Fe,
espectively. 

The plot shows clearly that in both cases the injection rate of 26 Al
s higher than that of 60 Fe, but the trends are different in the two
apers. The differences between our results and the previous ones 
an be ascribed to different assumptions in the models adopted for
he chemical evolution of the Milky Way. In particular, in Timmes
t al. ( 1995 ), they considered only one infall episode with a time-
cale constant with Galactocentric distance, and they assumed that 
he Galactic bulge evolves as the innermost thin disc. These two
ypothesis are different from those used in this present study, where
e assume an inside–out formation of the thin disc and a separate
MNRAS 517, 4256–4264 (2022) 

v e massiv e star models tested. It is not possible to perform a 
is available for 60 Fe. The results listed here are a prediction of 
s constraints for future gamma-ray surv e ys. 

60 Fe results 
Model 3 (M �) Model 4 (M �) Model 5 (M �) 

1.05 0.82 0.07 
2.59 2.09 0.26 
4.52 3.69 0.45 

y 2023
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Figure 5. Present time integrated injection rates computed with Model 2 for 
26 Al (solid red line) and 60 Fe (dashed blue line), compared with those by 
Timmes et al. ( 1995 ) for 26 Al (dotted red line) and for 60 Fe (dash–dotted 
blue line) only for the disc ( R ≥ 4 kpc). Timmes et al. ( 1995 ): the results are 
computed assuming that the time-scale of the second infall τD is constant (no 
‘inside–out’ scenario assumed) and that the IMF is that by Salpeter ( 1955 ). 
This study : In this case, we assumed the ‘inside–out’ scenario for the disc and 
a Salpeter ( 1955 ) IMF. The results we get show that the highest contribution 
comes from the 6 −8 kpc region. The differences between the two studies do 
not lay in the IMF but in other model prescriptions such as the inside–out 
scenario. 

Figure 6. SFR at the present time as a function of Galactocentric distance 
assumed in the model. The maximum is located at 4 kpc from the Galactic 
Centre, whereas in the bulge and in the outer Galaxy it decreases. 
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odel for the bulge. These differences are probably responsible for
he disagreement among the plots. 

In particular, our results show a maximum located at around
 −7 kpc that corresponds roughly to the maximum in the present time
FR, exactly as it was expected. In the bulge, where the current SFR

s around ∼0.2 M � pc −2 Gyr −1 , the injection rates are negligible. In
he same way, at larger radii the injection rates decrease due to the
ssumed exponential Galactic disc and inside–out formation which
ower the SFR, as shown in Fig. 6 , where we report the predicted
resent-time SFR gradient along the thin disc. 

 DISCUSSION  O N  T H E  M O D E L  PA R A M E T E R S  

t is worth noting that in this paper we have only varied the stellar
ields for the two radionuclides, 26 Al and 60 Fe. The reason is that
NRAS 517, 4256–4264 (2022) 
e adopted state-of-the-art chemical evolution models containing
FR, IMF, and infall laws already tested in previous papers. In
articular, the model for the bulge assumes a very intense SFR
eading to a quick gas consumption, a hypothesis that is required
o reproduce the stellar metallicity distribution as well as the [X/Fe]
ersus [Fe/H] diagrams for a large number of chemical elements, such
s α-elements (Cescutti & Matteucci 2011 , Matteucci et al. 2019 ),
s well as s- and r-process elements (Grisoni et al. 2020 ). The model
or thick and thin discs with the two infall framework has also been
ested in several previous papers (e.g. Grisoni et al. 2017 ; Spitoni et al.
019 ; Palla et al. 2020 ). This model reproduces the [X/Fe] versus
Fe/H] diagrams for the same elements as those quoted before, plus
he Solar system abundances, namely the abundances of the ISM
t the time of formation of the Sun (Asplund et al. 2009 ; Lodders,
010 ), as well as several present time observational constraints (see
able 5 ). 
In Table 5 , we show a comparison between some observational

onstraints and the predictions of our model for the solar vicinity
SFR, surface gas density, surface stellar density, total surface mass
ensity) and for the whole disc (gas infall rate, SN rates, nova
ate). The first column lists the physical quantity considered, the
econd shows the value predicted by our model, the third contains
he observed value and in the fourth column we list the references
or the observed values. 

We can see that the values we obtain for the physical quantities in
able 5 are all in reasonable agreement with the observations, and

his confirms the initial choice of the parameters. 

 DI SCUSSI ON  O N  T H E  YI ELDS  

he differences between the yields of Woosley & Weaver ( 1995 )
nd LC06 that we have adopted in this paper does not rely on the
ucleosynthesis assumptions but rather on the dependence upon
etallicity. As shown in Fig. 3 , the highest production of 26 Al

s obtained when solar metallicity is assumed (Models 2C and
C), whereas a lower production comes from models metallicity
ependent (Model 1C). Also yields by LC18 with rotation included
Model 5C) offer a lower production of 26 Al, due to both the
ependence on metallicity and the effects of rotation. 
Other sets of yields for 26 Al and 60 Fe, both for massive stars and for

o vae, hav e been provided in the last years. Here, we did not test them
ut we can perform some qualitative comparisons to understand their
ain differences relative to those adopted here. For massive stars,
oosle y & He ger ( 2007 ) predict a mass ratio 60 Fe/ 26 Al almost equal

o that by Woosley & Weaver ( 1995 ); therefore, we expect similar
esults. On the other hand, Sukhbold et al. ( 2016 ) predict the mass
atio 60 Fe/ 26 Al to be lower than that of Woosley & Weaver ( 1995 )
y a factor of 2. As a consequence, we expect that this set of yields
ould produce proportionately around half of the 60 Fe we produce
ith Woosley & Weaver ( 1995 ). Regarding the yields by novae,
tarrfield et al. ( 2016 ) predict a higher ejecta of 26 Al with respect

o Jos ̀e & Hernanz ( 1998 ) (our Model B). Obviously, from this set
e expect to have a higher contribution than Models A and B, thus

einforcing our conclusion about the importance of 26 Al production
y novae. 

 C O N C L U S I O N S  

n this study, we presented the chemical evolution of two unstable
uclei, 26 Al and 60 Fe, throughout the Milky Way, including the
adioactive decay in the chemical evolution equations of models
lready tested for the thick and thin discs and bulge. To account for

art/stac2981_f5.eps
art/stac2981_f6.eps
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Table 5. Values of the most important observational constraint predicted by our model. Some quantities refer to the solar 
vicinity (surface density of gas, alive stars, total surface mass density, and SFR) and others are av eraged o v er the whole disc 
(SNIa rate, SNII rate, nova rate, and gas infall rate). The first column specifies the physical quantity considered, the second 
contains the prediction given by our model, the third contains the observed present-day value and the last one lists the reference 
of the observation. 

Observable Predicted value Observed value References 

Surface density of gas 8 . 5 M � pc −2 13 ± 3 M � pc −2 Kulkarni & Heiles ( 1987 ) 
7 M � pc −2 Dickey ( 1993 ) 

Stars (alive) ∼ 36 M � pc −2 35 ± 5 M � pc −2 Gilmore et al. (1995) 
33.4 ± 3 M � pc −2 McKee et al. ( 2015 ) 

Total (discs) ∼54 M � pc −2 48 ± 9 M � pc −2 Kuijken & Gilmore ( 1991 ) 
52 ± 13 M � pc −2 Flynn & Fuchs ( 1994 ) 
50–60 M � pc −2 Cr ́ez ́e et al. ( 1998 ) 

SFR ∼ 3 M � pc −2 Gyr −1 2–10 M � pc −2 Gyr −1 G ̈usten & Mezger ( 1982 ) 
∼5 M � pc −2 Gyr −1 Prantzos et al. ( 2018 ) 

SNeIa rate 0.43 century −1 0.3 ± 0.2 century −1 Cappellaro & Turatto ( 1996 ) 
SNeII rate 1.93 century −1 1.2 ± 0.8 century −1 Cappellaro & Turatto ( 1996 ) 
Novae rate ∼43 yr −1 27–81 yr −1 Shafter ( 2017 ) 

22–49 yr −1 Darnley et al. ( 2006 ) 
35 ± 11 yr −1 Shafter ( 1997 ) 
20–40 yr −1 Della Valle & Izzo ( 2020 ) 

Infall rate ∼ 1.5 M � pc −2 Gyr −1 0.3-1.5 M � pc −2 Gyr −1 Portinari et al. ( 1998 ) 
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he production of 26 Al and 60 Fe, we considered yields from massive 
tars, A GB stars, S-A GB stars, SNIa, and for the first time, only for
6 Al, also the contribution from novae. 

For 26 Al, we tested 16 sets of yields, combining four different 
assive star yields with four different nova yields. For massive stars,
e used two yield sets by Woosley & Weaver ( 1995 ) (metallicity
ependent and at solar metallicity), one by LC06 and one by 
C18. To account for nova production, we tested two models by 
os ́e & Hernanz ( 2007 ) and one by Jos ́e & Hernanz ( 1998 ). For
ach model, we computed the mass of 26 Al within three different 
alactic radii: 5 kpc (the scale radius of the observations), 8 kpc (the

olar neighbourhood), and 18 kpc (the outer border of the Galaxy). 
hen, we compared these values with the gamma-ray observations 
erformed by COMPTEL and INTEGRAL, suggesting that the 
bserved mass of 26 Al within 5 kpc lies in the range of 1.8 −3.6 M �.
ur results can be summarized as follows: 

(i) Among the models we tested, only four are compatible with 
he observed 26 Al mass interval: Model 1C (2.12 M �), Model 2C
2.69 M �), Model 3C (2.73 M �), and Model 5C (2.29 M �). In
ddition, the observations indicate that the best 26 Al mass value 
hould be ∼2 M �. We selected as best models, Models 1C and 5C:
he first assumes metallicity dependent yields for massive stars by 
 oosley & W eaver ( 1995 ) and high production by nova systems,

he second adopts yields from rotating massive stars from LC18 and 
igh production from nova systems. 
(ii) Regarding production of 26 Al by novae, we stress that none of

he models without nova production, low nova production (models 
) or moderate nova production (models B) is compatible with the 
bservations. This means that in order to reproduce 26 Al observa- 
ions, the nova contribution is necessary. 

(iii) The effects of AGB and S-AGB stars together with SNe Ia on
he production of 26 Al at the present time are negligible. 

(iv) For 60 Fe, we tested five massive star sets of yields: two 
y Woosley & Weaver ( 1995 ) (metallicity dependent and at solar
etallicity only), two by Limongi & Chieffi ( 2006 ) (which differ

or the convection criterion adopted) and one by Limongi & Chieffi
 2018 ). In this case, no comparison with data could be performed
ue to the absence of 60 Fe mass observations. The only available
bservational constraint is the flux ratio 60 Fe/ 26 Al, which ranges in
he interval 0.2 −0.4. According to this, 60 Fe mass should be within
.9 −1.8 M �. Model 3 is the only compatible model: we consider it
s best model for 60 Fe with 1.05 M � produced (yields by LC06 with
chwarzschild convection criterion). 
(v) Finally, we also computed the present time injection rates for 

oth 26 Al and 60 Fe, assuming the yields used in Model 2, which
ontains similar prescriptions to those of Timmes et al. ( 1995 ). This
as done to compare our rates with those of that previous work.

n particular, we adopted the same set of yields for massive stars
e.g. Woosley & Weaver 1995 , solar metallicity) and same IMF
Salpeter, 1955 ) but a different Galactic model. This comparison 
hows that the maximum of our injection rate is located around
 −7 kpc, whereas that by Timmes et al. ( 1995 ) is located at 4 kpc. The
ifferences among the results are probably caused by the different 
odel prescriptions, such as the inside–out scenario in the thin disc

ersus a constant time-scale for infall. 
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