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Abstract

Context. Massive stars are one of the most important and investigated astrophysical production sites of 26Al, a short-lived radioisotope with an ~1 Myr half-life. Its short lifetime prevents us from observing its complete chemical history, and only the 26Al that was recently produced by massive stars can be observed. Hence, it is considered a tracer of star formation rate (SFR). However, important contributions to 26Al come from nova systems that pollute the interstellar medium with a large delay, thus partly erasing the correlation between 26Al and SFR.

Aims. In this work, we aim to describe the 2D distribution of the mass of 26Al as well as that of massive stars and nova systems in the Milky Way (MW), to investigate their relative contributions to the production of 26Al.

Methods. We used a detailed 2D chemical evolution model where the SFR is azimuthally dependent and is required to reproduce the spiral arm pattern observed in the MW. We tested two different models, one where the 26Al comes from massive stars and novae, and one with massive stars only. We then compared the predictions to the ~2 M⊙ of 26Al mass observed by the surveys of the Compton Telescope (COMPTEL) and International Gamma-Ray Laboratory (INTEGRAI).

Results. The results show that novae do not trace SFR and, in the solar vicinity, they concentrate in its minima. The effect of novae on the map of the 26Al mass consists in damping the spiral pattern by a factor of five. Regarding the nucleosynthesis, we find that ~75% of the 26Al is produced by novae and the ~25% by massive stars.

Conclusions. We conclude that novae cannot be neglected as 26Al producers since the observations can only be reproduced by including their contribution. Moreover, we suggest that bulge novae should eject around six times more material than the disc ones to well reproduce the observed mass of 26Al.
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1 Introduction
Short-lived radioisotopes (SLRs) are a class of nuclei that undergo a radioactive decay occurring on very short astronomical timescales (~1–10 Myr). They represent the link between different approaches to unveil the processes behind Galactic evolution, from chemical evolution (Timmes et al. 1995) to the measurements of the isotopical abundances in meteorites coming from the solar neighbourhood (Desch et al. 2023). Other theoretical methods tested were the simulations of the superbubbles (Schulreich et al. 2023), Galactic population synthesis models (Siegert et al. 2023) and the stochastic chemical evolution studies such as those presented in Côté et al. (2019a,b). Given their brief half-life, these nuclei rapidly decay into the final product of their decay chain, leaving behind no trace of their previous presence. Therefore, all the measurements and the theoretical studies addressing SLRs focus on the present day scenario only, because no heritage of the past history is left.
The astronomical interest behind 26Al also lies in its close relation to the star formation rate (SFR). Since, generally, massive stars have been considered as the main source of 26Al, this isotope is restored into the interstellar medium (ISM) shortly after the birth of its stellar progenitor. Moreover, its short decay timescale prevents 26Al from moving too far away from the location of the progenitor. As a consequence, since massive stars are located in the active star formation regions of the Galaxy, this isotope will also be detected in the proximity of these areas. Hence, 26Al has been considered a good tracer of star formation regions (Limongi & Chieffi 2006).
In the past, chemical evolution studies relative to SLRs, tried to reproduce the observations provided in the last decades by the γ-ray astronomy community (Vasini et al. 2022; Wehmeyer et al. 2023) and offered predictions for upcoming observations of external structures (Vasini et al. 2023).
Many of these results were obtained by means of 1D chemical evolution models which assume that every observable (such as the SFR, the infall rate, the gas and stellar masses and the abundance gradients) only depends on the radial coordinate. Hence, the Milky Way (MW) is modelled by assuming a concentric ring structure, where the gas in each ring instantaneously and homogeneously mixes (instantaneous mixing approximation).
The picture becomes more complex when dealing with SLRs since an additional timescale is introduced, namely the timescale of their radioactive decay, and in this particular case that of 26Al (~1 Myr, see Diehl 2013). 26Al, after being re-injected into the ISM, starts spreading in the surrounding regions as stable isotopes also do but, simultaneously, it also decays into 26Mg. As a consequence, the 26Al atoms will not mix homogeneously, because the mixing timescale is very likely longer than the 26Al decay timescale. Therefore, for 26Al, such as for other SLRs, the assumption of homogeneous mixing no longer holds. This fact would not be a problem if the SFR in the Galaxy were homogeneous but, as observations confirm, the SFR is concentrated in the spiral arms of the MW. Therefore a 1D chemical evolution model that assumes homogeneous mixing is not suitable for dealing with SLRs in the Galaxy. The solution is to introduce a second dimension, namely the azimuth, in order to trace inhomogeneities in each ring.
Moreover, the scenario is further complicated by the part played by the nova systems, which represent a second but non negligible source of 26Al (Nofar et al. 1991). The chemical enrichment from novae is characterized by a long time delay due to the combination of the time necessary to form a white dwarf and the additional cooling time requested to trigger the nova explosion (D’Antona & Matteucci 1991). The direct consequence of this is that novae, unlike massive stars, do not trace the SFR. Given that a fraction of the 26Al in the Galaxy has a nova origin, the 26Al-SFR correlation is necessarily reduced, even though it is not yet clear how much. To determine the damping due to the nova contribution, a 2D chemical evolution model is needed.
Spitoni et al. (2019, 2023) proposed a 2D chemical evolution model where azimuth and radial coordinates were considered. The azimuth is introduced by perturbing the SFR so as to reproduce the MW spiral arms. In these papers, every ring is divided into smaller cells, and the homogeneity is not imposed over the whole ring, but over the single cells. This updated scenario allows the authors to clearly show that the 1D models represent a valid alternative almost everywhere in the Galaxy, except when dealing with the co-rotational radius regions where oscillations in chemical abundances over cells in the same ring arise and only the 2D model can trace them.
On the observational side, evidence of SLRs in the Galaxy has been collected by adopting γ-ray astronomy techniques. Since 1991 two surveys, at first the Compton Telescope (COMPTEL, Schönfelder et al. 1984; Diehl et al. 1995) and later the International Gamma-Ray Laboratory (INTEGRAL, Winkler 1994; Pleintinger et al. 2023), have been dedicated to exploring the distribution of these elements along different longitudes on the Galactic plane and different latitudes above and below the Galactic plane. Among the most important results that were provided is the 2D cartography of the 26Al in the MW (see Plüschke et al. 2001; Diehl & Prantzos 2023), where evidence of a diffuse emission on the Galactic plane is reported together with some localized star formation regions superimposed. From the same data, integrated measurements of the mass of 26Al in the region are also included within 5 kpc from the Galactic centre were provided. Prantzos & Diehl (1996), adopting the flux measurements from COMPTEL, estimated an 26Al mass between 1.5 and 2 M⊙ within 5 kpc of the Galactic centre, whereas by making use of the measurements from INTEGRAL Diehl (2016) proposed 2.0 ± 0.3 M⊙ in the same 5 kpc radius ring. In Vasini et al. (2022), we provided a theoretical estimate of 26Al integrated over that same region by adopting a 1D chemical evolution model to reproduce the disc and the bulge separately. With the prescriptions adopted, we were able to reproduce the observations and constrain the stellar yields, showing that a non negligible contribution from novae is necessary. A yet unexplored question is how much the integrated values are influenced by the adoption of a 1D rather than a 2D model. A 2D model, as already explained above, would be able to trace the oscillations in the SFR across the MW, at variance with a 1D model. Moreover, regarding the integrated values within the region of interest no conclusions can be drawn until a suitable 2D chemical evolution model for radioactive isotopes is developed.
With this work we want to provide a 2D chemical evolution model to follow the evolution in space (as a function of radial distance and azimuth) and time of 26Al in the MW by adding an azimuth-dependent perturbation to the SFR that resembles the spiral arm pattern observed. Our aim is to showcase the impact of the nova population on the present day distribution of this isotope. Moreover, with our model we can hopefully obtain deeper insights into the differences between the novae in the bulge and in the disc, by modelling these two regions separately.
The paper is organized as follows. In Sect. 2 we present the chemical evolution model adopted starting from the original 1D version for thick and thin discs and the bulge, and then we move on to the nucleosynthesis considered with the description of the two models tested. In Sect. 3, we show how we extended the 1D model by adding the azimuthal dependency to the SFR; then, in Sect. 4.5, we show the Galactic observational constraints that we can reproduce. We present our results about novae and 26Al in Sect. 4 and, finally, we summarize our main conclusions in Sect. 5.
2 The reference 1D chemical evolution model
In this Section, we present the reference 1D chemical evolution model that we used as starting point for this work. The 2D extension is described later in Sect. 3.
We used the model adopted in Vasini et al. (2022) as the reference. The Galaxy is composed of separate regions: the bulge (up to 2 kpc from the Galactic centre) and the disc (from 2 kpc to 15 kpc from the MW centre), which is itself composed of two chemically distinct substructures, the thick disc and the thin disc.
The thin disc is divided in 1 kpc wide concentric rings, which are isolated from each other since we neglect every radial gas flow. The bulge is also modelled by assuming a central region until 1 kpc from the centre and a surrounding ring from 1 to 2 kpc. Moreover, in the 1D model each ring is chemically homogeneous.
2.1 Galactic thick and thin discs
We assume that thick and thin discs form out of gas coming from two different infall episodes according to:
[image: equation](1)
where the first episode is responsible for the formation of the thick disc on a timescale of τT=1.0 Gyr, whereas the thin disc is formed by the second infall following an ‘inside-out’ scenario (see Matteucci & Francois 1989). To reproduce that, the second infall timescale is dependent on the galactocentric distance following the law τD(R) = 1.033 (R/kpc)−1.267 Gyr (Chiappini et al. 2001). Additionally, tmax = 1 Gyr represents the time of maximum infall in the second accretion episode, indicating the delay between the end of the first and the start of the second infall episode. The parameters a(R) and b(R) are adjusted to match the current total surface mass density of the thick and thin discs, set to 17 M⊙ pc−2 and 54 M⊙ pc−2, respectively (Chiappini et al. 2001).
The SFR is expressed as the Kennicutt (1998) law:
[image: equation](2)
where ν(R) is the star formation efficiency that we assume to be 1.0 Gyr−1 everywhere in the Galaxy; the same is true for thick and thin discs and Σgas is the surface gas mass density.
We assume a Kroupa et al. (1993) initial mass function (IMF) with three slopes, defined in a mass interval up to 100 M⊙:
[image: equation](3)
Regarding the stellar contribution to the ISM chemical composition, our model accounts for stars in different mass ranges, hence with different explosion mechanisms and lifetimes.
The stars from ML=8 M⊙ up to MU=30 M⊙ die as Type II supernovae (Type II SNe), whereas the more massive ones, from ML=30 M⊙ up to MU=100 M⊙, die as Type Ib SNe or Type Ic SNe. These SNe are all core-collapse ones and their rate can be written as
[image: equation](4)
where τm is the lifetime of a star of mass m. On the other hand, the Type Ia SNe follow the single degenerate scenario from Matteucci & Greggio (1986) and Matteucci & Recchi (2001), with the following rate:
[image: equation](5)
The parameters are set as follows. AB is the fraction of binary systems that can generate a Type Ia SNe progenitor and it depends on the chosen IMF. In our case AB=0.09. The mass m over which the integration is performed is the total mass of the binary system, so as MBm and MBM are the smallest and the largest possible total mass of the system, respectively. To generate an SNIa the two companions should be massive enough to make the white dwarf reach the Chandrasekhar mass; therefore, we set MBm = 3 M⊙ MBM is instead set to 16 M⊙ because the upper limit to form a CO white dwarf is 8 M⊙ f(μB) is the distribution of the mass ratio between the two stars, and ψ(t − τm2) is the SFR at the time of formation of the secondary star, which represents the clock of the system.
Moreover, we also considered the contribution from nova systems, which are of particular interest in this case. They are implemented according to D’Antona & Matteucci (1991):
[image: equation](6)
where α is the fraction of binary systems which are able to generate a nova, that was set to 0.0115. With this value, we are able to reproduce the current nova rate in the MW disc. ψ(t − τm − Δt) is the SFR at the formation of the binary system. The delay between the nova explosion and its birth is given by the sum of two contributions: τm, which is its lifetime, and the time needed for the white dwarf to cool down, Δt, which is set to 1.0 Gyr. In addition, the factor 104 accounts for the several explosions that each nova system undergoes during its lifetime (see Ford 1978). The explosions of a nova system are distributed in time and should be modelled accordingly. This aspect has already been analysed by Cescutti & Molaro (2019), whereby the scenario was improved by adopting multiple explosions, but no significant differences for the abundances of the stable isotopes were found. Concentrating all the outbursts of a nova in one episode is also a valid approximation in the case of unstable isotopes too, provided that the rate of formation of nova systems does not vary dramatically over a timescale comparable to the lifetime of a nova (~108 yr). This condition is verified by the nova formation rate adopted in our model, which varied slowly enough in the last ~10 Gyr.
2.2 The bulge
Assuming that the Galactic bulge resides in the innermost region, within 2 kpc of the Galactic centre, we modelled it separately, following the prescriptions from Matteucci et al. (2019). We divide it into a disc, from the centre up to 1 kpc, and an external ring, from 1 kpc to 2 kpc, so that the concentric rings throughout the entire Galaxy are all equally thick.
The gas forming the bulge is all accreted from a single infall episode according to:
[image: equation](7)
where the timescale τB is set to 0.1 Gyr (Ballero et al. 2007). a(R), as in the case of the disc, is a free parameter whose value is chosen to reproduce the mass density of the inner and the outer bulge regions, ~1970 M⊙ pc−2 and ~1350 M⊙ pc−2, in agreement with Ballero et al. (2007) and Grieco et al. (2012).
Concerning the SFR, we adopt the same law as in Eq. (2) with an efficiency ν of 25.0 and 35.0 Gyr−1 for the ring and the inner region, respectively. This large star formation efficiency, together with the short timescale of the SFR, reproduces the rapid increase in the metallicity and the average old stellar population observed in the bulge today (Barbuy et al. 2018).
The assumed IMF is the one of Salpeter (1955):
[image: equation](8)
We chose such an IMF since it was demonstrated in previous papers that the IMF in the bulge should be more top heavy than the disc IMF (Matteucci & Brocato 1990; Ballero et al. 2007; Cescutti & Matteucci 2011). The rates of the different stellar types, SNe Ia, II, Ib, and Ic, are the same as in the disc, whereas in the nova rate (see Eq. (6)) the value α is set to 0.024 since it depends on the chosen IMF.
2.3 Nucleosynthesis prescriptions
For the nucleosynthesis prescriptions, we relied on the yields already selected in Vasini et al. (2022). For massive stars we assume yields from Kobayashi et al. (2006), to which we added those for 26Al from Woosley & Weaver (1995), adopting the whole metallicity grid provided. For nova systems, the determination of the best set of yields to reproduce the chemical abundances observed is still a matter of debate. A major role, in fact, is played not only by the stellar evolution uncertainties, but also by the nuclear reaction rate uncertainties that are still under continuous revision. Moreover, a change in the reaction rate does not necessarily correlate to a change in the amount of element ejected. For example, Canete et al. (2023) showed an update to the 26Al reaction rate in nova systems, but they did not find any effect on the final amount of 26Al produced. In the last years the nova yield for 26Al has been revised several times (e.g. Deibel et al. 2007; Bennett et al. 2014; Bardayan 2021; Starrfield et al. 2023); nevertheless, we used José & Hernanz (2007) to be consistent with the prescriptions by Vasini et al. (2022), where the chemical evolution model for 26Al was originally tested. Among the yields tested in Vasini et al. (2022), the best one adopted here was the highest. José & Hernanz (2007) reported different models regarding the nova composition (CO or ONe novae). To consider the full spectrum of possibilities in the nova population we assume that 70% are CO novae and the remaining 30% is composed of ONe novae. In addition, in the two cases, several yields are provided depending on the initial mass of the white dwarf. Therefore, the yield that we chose is the average of those proposed. This assumption is taken from Romano & Matteucci (2003) and can be summarized as
[image: equation](9)
The resulting nova yield is 7.69 × 10−4 M⊙. For SNIa, we assumed yields from Iwamoto et al. (1999), and for 26Al, we adopted the prescriptions from Nomoto et al. (1984). Moreover, for AGBs (M ≤ 6 M⊙) we adopted the yields from Karakas (2010).
In this work, we tested two different models that differ only for the nucleosynthesis prescriptions summarized in Table 1: Model 1 considers the production of 26Al from all the sources listed (massive stars and novae with minor contribution coming from SNIa and AGBs), and Model 2 considers sources where we exclude the contribution from novae, keeping massive stars, AGBs, and SNIa.
Table 1 
Descriptions of the nucleosynthesis of the two models tested, where the tick marks mark the 26Al sources included in the models.

3 The 2D chemical evolution model
To extend our model from 1D to 2D, we included the azimuthal dimension by adopting the same mechanism proposed by Spitoni et al. (2019, 2023), where SFR perturbation is implemented in order to reproduce the spiral arm pattern observed in the MW. In this Section, we show how the spiral patterns are modelled and then how they are introduced in the SFR.
3.1 Multiple spiral patterns of Spitoni+23
Spitoni et al. (2023) presented the chemical evolution of several elements in the Galactic disc, considering the effects of multiple spiral patterns on the evolution of elements synthesized over different timescales, such as oxygen, iron, europium, and barium. The presence of multiple spiral patterns was already predicted by N-body simulations (Quillen et al. 2011; Minchev et al. 2012; Sellwood & Carlberg 2014) and shown by observations (Meidt et al. 2009).
The expression for the time evolution of the density perturbation, created by multiple pattern spiral arms is
[image: equation](10)
where the quantity χ(R, t), if computed at the present time tG, represents the present-day amplitude of the spiral density and can be expressed as
[image: equation](11)
In the previous expression, RS is the radial scale-length of the drop-off in density amplitude of the arms; and Σ0 is the surface arm density at fiducial radius R0 fixed to values of ΣS,0 = 20 M⊙ pc−2, R0 = 8 kpc, and RS = 7 kpc, as in Spitoni et al. (2023) and Cox & Gómez (2002). In Eq. (10), N is the total number of spiral clumps, and the Mj (γj) term is the modulation function for concentrated spiral arms of Cox & Gómez (2002) defined for the jth spiral mode clump associated with the angular velocity Ωs,j and can be expressed as follows:
[image: equation](12)
where γj stands for
[image: equation](13)
In Eq. (13), mj refers to the multiplicity (e.g. the number of spiral arms) associated with the jth clump, α is the pitch angle1, Ωs,j is the angular velocity of the pattern, and ϕp(R0) is the coordinate ϕ computed at t=0 Gyr and R0.
Finally, in Eq. (10) the value of the indicator function [image: equation] delimits the radial extension of the considered spiral arm mode enclosed between the galactocentric distances Rj, min and Rj, max: it is one if the argument is within the radial interval and zero otherwise.
In Fig. 1, we show the pattern speeds Ωs,j(R) of the spiral arms of Model A in Spitoni et al. (2023), which we adopted in this work. The spiral structure is composed of three segments with multiplicity m = 2, each moving at different pattern speeds Ωs,j(R). The jth spiral structure is confined to the region R ∈ [Rj, min, Rj, max]. The velocity of the central spiral structure is fixed at Ωs,2 = 20 km s−1 kpc−1, consistent with the Roca-Fàbrega et al. (2014) model. A similar value was first estimated from moving groups in the U-V plane by Quillen & Minchev (2005)(where Ω = 18.1 ± 0.8 km s−1 kpc−1). The innermost and outermost segments rotate at velocities of Ωs,1 = 30 km s−1 kpc−1 and Ωs,3 = 15 km s−1 kpc−1, respectively.
It is interesting to note that one of the co-rotational radii is located at 8.75 kpc, which is close to the solar galactocentric distance (R, Z)⊙ = (8.249, 0.0208) kpc (GRAVITY Collaboration 2021; Bennett & Bovy 2019).
3.2 SFR and perturbations
We first present the assumptions adopted for the SFR and for the spiral arms in the disc (R > 2 kpc), since the other chemical evolution prescriptions depend on those. Our starting point is a 1D SFR depending only on the galactocentric distance R and following a Schmidt-Kennicutt law (Kennicutt 1998):
[image: equation](14)
where ν and Σgas, the star formation efficiency and the surface gas mass density respectively, both depend on the galactocentric distance, whereas k = 1.5 everywhere in the disc.
This relation is still mono-dimensional, meaning that we have not introduced a dependency on the azimuthal angle yet.
We define the adimensional perturbation δMS as:
[image: equation](15)
where ΣD is the total surface mass density. Imposing as in Spitoni et al. (2023) that the ratio χ(R, t)/ΣD(R, t) is constant in time, the adimensional perturbation δMS defined above becomes:
[image: equation](16)
Finally, the new SFR in the presence of the effect of spiral arms is computed as
[image: equation](17)
We applied the perturbation after 3 Gyr of evolution and then we let the MW evolve up to 13.7 Gyr, the assumed age of the Universe. We made this choice in order to mimic what was done in Spitoni et al. (2019). They simulated the 2D evolution of the thin disc only, assuming a one-infall episode lasting for 11 Gyr. In our case, where we modelled both the thin and the thick discs in the framework of a two-infall scenario for 13.7 Gyr, we delayed the rising of the perturbation by 3 Gyr relatively to the beginning of the star formation, so that the evolution of the perturbation also lasts for roughly 11 Gyr.
We show our perturbed SFR in Fig. 2. We represent both the bulge (R≤ 2 kpc) and the disc at six different times using the same colour-coding so as to appreciate the SFR variations in time and space. In the top row, starting from the left panel the snapshots shown are those corresponding to the peak of the bulge SFR (T1=0.066 Gyr), the peak of the disc SFR (T2=2.25 Gyr), and the rising of the SFR perturbations (T3=3.2 Gyr). Regarding the bottom panels, when dealing with short-lived radioisotopes such as 26Al, the observations can recover only the recent history related to the recent SFR; therefore we show three recent times (T4=13.5 Gyr, T5=13.6 Gyr and T6=13.7 Gyr) to hopefully trace their SFR when analysing the 26Al distribution. The white-edge star shows the locations of the the solar neighbourhood.
In the T1 panel, we show that when the bulge SFR reaches a maximum, the disc SFR is still very low: roughly four orders of magnitudes lower. Then, at T2, the bulge SFR has already decreased since it is characterized by an extremely efficient and short burst, whereas the disc SFR shows a spike, whose value is smaller and smaller as we go towards the outskirts. At T3, the perturbations arise and are clearly visible in the disc since this is the moment when they are at their peak. After this moment the SFR perturbations will monotonically decrease. In the three bottom panels (T4, T5 and T6), the perturbations are still evident, although quite weaker, and the different segments that compose the single arms are not aligned due to their different rotational velocities. The result is that the arms look broadened, which is particularly evident in the last panel.
	[image: thumbnail]	Fig. 1 Spiral pattern speeds Ωs,1(R), Ωs,2(R) and Ωs,3(R) of the multiple spiral modes moving at different pattern speeds of Model A in Spitoni et al. (2023) are indicated by the three coloured horizontal lines. Inner and outer spiral structures (moving with the above-mentioned pattern speeds) are also indicated by the thicker grey, blue and green light-blue, respectively. The disc angular velocity Ωd(R) computed by Roca-Fàbrega et al. (2014) is indicated with the dotted line. The 2:1 and 4:1 outer and inner Lindblad resonances (OLR and ILR) occur along the solid and dashed black curves, respectively. Resonances have been computed as Ωp2(R) = Ωd(R) ± κ/2 and Ωp4(R) = Ωd(R) ± κ/4, respectively where κ is the local radial epicyclic frequency. The long vertical dashed lines show the positions of the co-rotation radii assuming the three different ΩS values.



4 Results
In this Section, we show the results regarding the nova and 26Al 2D distribution in the MW, from the bulge up to the outermost region of the Galaxy.
4.1 Nova systems
Here, we show the results related to the nova outbursts in the MW.
In Fig. 3, we report the 2D map of the novae for four of the six times shown in Fig. 2. The four panels refer to times T3, T4, T5, and T6 as defined in Sect. 3.2. We do not show the snapshots at T1 and T2, since at such early epochs novae have not yet started to explode. The maps are colour-coded according to the logarithm of the nova outburst rate, and the solar ring at 8 kpc is marked by the white-edge star in the left side of each panel.
The difference between the early epoch (T3) and the recent ones (T4, T5 and T6) is evident. The reason, as anticipated, lies in the delay time distribution of the novae.
Because of this delay, novae do not trace the SFR, and no correspondence can be found between the 2D SFR map and the 2D nova map computed at the same epoch. Therefore, at T3 the nova distribution is still uniform, even though the SFR is already perturbed, and at late epochs novae do not show the spiral arm pattern which is shown by the SFR.
The same time delay affects the bulge novae, but the result in this region is slightly different, since the SFR in the bulge is more efficient. Hence, the majority of the bulge novae are produced earlier, at T1, when the bulge SFR peaks, and therefore they explode earlier. Hence, at T3 the nova outburst rate in the bulge is already high.
	[image: thumbnail]	Fig. 2 2D SFR from the bulge to the outskirts of the MW (assumed in this paper to be 15 kpc). Here we report six snapshots at different time steps during the MW evolution: T1=0.066 Gyr (the peak of the bulge SFR), T2=2.25 Gyr (the peak of the disc SFR), T3=3.2 Gyr (right after the onset of the spiral arms), two recent times, T4=13.5 Gyr and T5=13.6 Gyr, and the present day time, assumed to be T6=13.7 Gyr. The position of the sun is represented by the white-edge star.



4.2 26Al mass 2D distribution
In this Section, we show the results related to the 2D distribution of 26Al in the MW within 15 kpc of the Galactic centre.
In Fig. 4, we report the results from Model 1, where massive stars and nova systems both contribute to the synthesis of 26Al. In this figure, we show the snapshots at the same six times as in Fig. 2. The plots are colour-coded according to the logarithm of the 26Al mass in each cell. The indicative location of the solar neighbourhood is suggested by a white-edge star in the left side of each snapshot.
A comparison between Fig. 4 and the SFR in Fig. 2 is quite interesting. In Fig. 4, the first three panels (T1, T2, and T3) reproduce the SFR pattern perfectly:

	at T1=0.066 Gyr, the only contribution to 26Al in the MW comes from the bulge (R < 2 kpc) where the SFR is high, whereas 26Al in the disc is still very low (as is the SFR);


	at T2=2.25 Gyr, the SFR in the bulge has already reached a maximum and decreased, and the 26Al shown in the plot has originated from the nova explosions; on the other hand, the SFR in the disc reached the peak, thus causing an increment in the amount of 26Al produced; nevertheless, the peak of the 26Al production in the disc will occur slightly later due to the delayed contribution from nova systems;


	at T3=3.2 Gyr, the SFR perturbations have just kicked in, and the spiral pattern is accurately reproduced by the 26Al 2D distribution.




These first three panels perfectly mimic the SFR behaviour, because after a few billion years of evolution, the only significant contribution to the 26Al comes from the massive stars. Novae contribution will arise at later times; therefore, in the first stages of the evolution it is still negligible.
On the other hand, at T4, T5, and T6 the scenario is different. In every snapshot the SFR pattern is reproduced with less accuracy and the spiral pattern is recognisable only in the outermost rings. Regarding the present time bulge, the massive stars are almost totally absent, and the 26Al predicted there comes exclusively from recent nova outbursts.
In Fig. 5, where the results from Model 2 are plotted, the scenario is rather different, since novae have been excluded from the 26Al nucleosynthesis. The snapshots are taken at the same times, the colour-coding is the same, and the white-edge star still represents the indicative position of the solar neighbourhood.
The first three panels resemble those of Fig. 4. The only difference is the overall depletion of 26Al mass over the entire Galaxy due to the removal of the nova systems. The bulge is much less enriched in 26Al (see T2 panel) with respect to Fig. 4, since the only contribution in this region was coming from nova systems, which are now excluded. On the other side, the three recent snapshots (T4, T5, and T6) show a rather good tracing of the SFR since no smoothing from novae is involved. The bulge looks extremely poor in 26Al since the massive stars are completely absent. The only recent production in the region R < 2 kpc is that coming from AGBs and SNIa.
	[image: thumbnail]	Fig. 3 Two-dimensional map of nova outburst rate in MW at four different times, T3, T4, T5 and T6.



4.3 26Al mass azimuthal oscillations
To quantify how much the novae contribute to the scenario, we present the following points concerning Fig. 6.

	Panel a: We show the SFR at the present time in the solar ring as a function of the azimuth. The vertical dashed lines mark the peaks of the SFR and are reported in all the panels below. The oscillations are symmetric, as was already shown in Fig. 2;


	Panel b: We represent the 26Al mass for Model 1 and Model 2 (pink and green lines, respectively). The vertical dashed lines refer to the peaks of the SFR. The oscillations have the same amplitude in the two cases, but, as shown in Figs. 4 and 5, they are far smoother in Model 1, where the spiral pattern at the present time is almost lost. The relative enhancement of the peaks with respect to the minima are as follows: for Model 1, the peak is 28% higher than the minima, whereas in the case of Model 2, the peak is 150% higher than the minima. The peaks in Model 2 stand out against the background by a factor of ~5 more than in Model 1, hence the loss of the spiral pattern.


	Panel c: We plot the difference between the 26Al produced by Model 1 and that produced by Model 2. Here, we show clearly that the mass of 26Al produced by novae is dependent on the azimuth but not on the SFR. This value oscillates between 0.004 and 0.006 M⊙ and is largest in the minima of the SFR, demonstrating why novae blunt the spiral pattern;


	Panel d: Here, we show the nova distribution in the solar ring, which resembles that of the 26Al in the previous panel.




4.4 26Al: Predictions versus observations
Regarding the comparison with observational data in Table 2, we report the values of 26Al within 5 kpc of the Galactic centre. Columns 2–6 report the values in the 1 kpc wide annuli, and their sum is listed in column 7. Up to now, the observations performed with COMPTEL and INTEGRAL agreed on the amount of 26Al present in the MW. Adopting the COMPTEL data, Prantzos & Diehl (1996) estimated an 26Al mass in the 1.5–2.0 M⊙ range within 5 kpc of the Galactic centre (see also Diehl et al. 1995). Later, Diehl (2016) estimated 2.0 ± 0.3 M⊙ of 26Al in the same region after the INTEGRAL data were released.
Within 5 kpc of the Galactic centre, our Model 1 predicts 1.028 M⊙ of 26Al, whereas Model 2 predicts 0.265 M⊙. In neither of the two cases are we able to recover the exact amount of the 26Al observed, but a potential solution was proposed by Della Valle & Izzo (2020). The authors report that the nucleosynthesis of the novae in the bulge could be significantly different from that of the disc novae. Bulge novae typically evolve on timescales longer than the disc ones, since the progenitor white dwarfs are on average less massive and therefore need to accrete more material to trigger the explosion. Observations of bulge novae support this hypothesis; the ejecta observed are up to ten times more massive than the disc nova ones, which evolve more rapidly. Hence, it follows that their nucleosynthesis products are enhanced by the same factor as well. However, the observed rate of novae in the MW and in the Local Group is expected to increase with the imminent advent of LSST, which will hopefully be able to clarify this issue. By including this additional factor in the calculations, we can reproduce up to 2.882 M⊙ of 26Al with Model 1; therefore, with a slightly smaller factor we can reproduce the ~2 M⊙ observed.
Another possible scenario to reproduce the observations could be related to the present day SFR. The SFR adopted in our model is a typical Kennicutt (1998) law (see Eq. (2)), which peaks at early times and constantly decreases up to the present day. A recent SF burst would give rise to a young stellar population with massive stars contributing to 26Al. Even though there is evidence of recent bursts, around 2–3 Gyr ago (as shown e.g. by Isern 2019; Mor et al. 2019), it occurred too long ago to produce an effect on the present-day abundance of 26Al, which decays on a timescale of 1 Myr. A present-day burst was hypothesised by Ruiz-Lara et al. (2020) in the solar neighbourhood. However, this only impacts the 2 kpc bubble around the Sun, whereas our comparison is performed within the five innermost kpc of the Galaxy.
	[image: thumbnail]	Fig. 4 Two-dimensional distribution of 26Al mass at the six time steps where we have previously analysed the SFR. In this case, we counted both massive stars and novae as 26Al producers. Each cell is colour-coded according to the 26Al mass contained at that time step, and as in Fig. 2 the sun is indicated by the white-edge star.



	[image: thumbnail]	Fig. 5 Same as Fig. 4, but without any contribution from nova systems.



	[image: thumbnail]	Fig. 6 We represent here the azimuthal oscillations of the SFR and the 26Al mass as a function of azimuth. Panel a: SFR as function of azimuth at present time and solar neighbourhood. Here, we represent half of the azimuths since all the quantities are periodic. The black dashed lines, in this plot and in those below, mark the peaks of the SFR. Panel b: 26Al distribution in solar ring and present time. In pink, we show 26Al predicted by Model 1, and in green we show that from Model 2. Panel c: difference between 26Al production in the two cases. Panel d: Novae distribution in solar ring at present time.



Table 2 
26Al integrated over five innermost annuli (0–5 kpc) at present time for both models.

4.5 Galactic observational constraints
With our choice of input parameters, we were able to reproduce the main observational features of the MW disc (R>2 kpc). We highlight in particular that we can reproduce the current SFR, gas mass, stellar mass, infall rate and both Type Ia and Type II SNe rates.
In Table 3, we report the most important observational constraints in the Galactic disc. In column 2, we show the observed value with the reference, and in column 3 the predicted value by our models. We compare our results with the observations from different authors. Regarding the SFR we referred to the values proposed by Prantzos et al. (2011) and Chomiuk & Povich (2011), for the gas mass we relied on Kubryk et al. (2015), for the stellar mass we compared our results to those of Flynn et al. (2006), for the infall rate we used the observations by Marasco et al. (2012) and Lehner & Howk (2011), and for the Type II and Type Ia SN rate we referred to Cappellaro & Turatto (1997). We highlight that the two models tested, Model 1 and Model 2, differ only for the nucleosynthesis; therefore, the predictions of all the unrelated quantities (such as those listed here) are the same.
Table 3 
Milky Way disc (R>2 kpc) observational constraints compared to predicted values.

5 Conclusions
In this work, we modelled the temporal ad spatial evolution of 26Al in the MW by adopting a 2D chemical evolution model to perform a comparison with the existing data and a prediction for the upcoming data.The introduction of a second dimension in the chemical evolution model allows us to investigate how much the approximation of homogeneous mixing affects the production of 26Al and the relative contribution of novae and massive stars to its mass in the MW. Moreover, we can also probe how good the tracing of the SFR is when considering nova systems as 26Al producers. We assume the Galaxy to be divided into two main regions: the bulge (R ≤ 2 kpc), which is described adopting a homogeneous 1D model; and the disc (R > 2 kpc), where we consider a 2D model, with the SFR being dependent not only on the galactocentric distance and time, but also on the azimuth. The dependency on the azimuth is introduced by applying a perturbation to the 1 DSFR, resembling the rotating spiral arm pattern observed in the Galaxy. Our main focus is 26Al, a short-lived radioisotope with an ~1 Myr decay timescale, generally assumed to be produced by massive stars. These two facts suggest that 26Al can be a good tracer of active star formation; therefore, its current location in the MW is dependent on the shape of the recent SFR.
With this model, we aim to reproduce the observed mass of 26Al in the Galaxy to investigate the importance of nova contribution to the mass of this element, and to study the effects that novae can produce on 26Al as tracer of star formation. To do that, we compared two models considering different 26Al sources: Model 1, where massive stars and nova systems are both responsible for the 26Al production; and Model 2 where nova systems are excluded. Regarding the yields for both the production sites, we adopted the prescriptions of Vasini et al. (2022). By means of our chemical evolution model, we were able to produce 2D maps for the mass of 26Al, the distribution of massive stars, and nova systems in the MW. Our main conclusions can be summarised as follows.

	The nova systems eject nucleosynthesis products with a large time delay due to the initial masses of the binary components and to the time necessary for a white dwarf to cool. Due to this delay, novae are not tracers of the SFR. The maps that we produced show that that the peaks of the present-time nova distribution in the solar neighbourhood are located in the minima of the present-time SFR.


	The two hypotheses about the producers of 26Al that we tested predict different distributions of the mass of this element. We highlight that when including the production by novae (Model 1), the spiral pattern at the present time is hardly visible, at variance with the case of production from massive stars only (Model 2). In particular, in the case of 26Al from both production sites, the peaks of the 26Al distribution are ~28% higher that the minima, whereas in the case of 26Al from massive stars only the peaks are ~150% higher. Therefore, in the case without novae, the peaks of the distribution stand out from the background five times more than in the case with novae included, thus better tracing the spiral arm pattern.


	We compared the 26Al predicted by the two models with the available observational data, which refer to the innermost 5 kpc of the Galaxy. We integrated the 26Al within each ring from the centre up to 5 kpc, and we obtain 1.028 M⊙ if novae are included (Model 1) and 0.265 if novae are excluded (Model 2). Therefore, the relative contribution of novae to the total amount of 26Al is ~75%, and the other ~25% comes from massive stars. The observations report ~2 M⊙ of 26Al; hence, both our models underestimate the mass of 26Al. The missing 26Al mass can be recovered if we consider that bulge novae can eject up to ten times more matter than disc novae. Considering a factor of ten, our Model 1 predicts 2.882 M⊙ of 26Al within 5 kpc of the Galactic centre; therefore, by adopting a factor of ~6 we can reproduce the observations very well.




In conclusion, since the tracing of the SFR by 26Al is lowered by a factor of ~5, if novae are considered, we cannot say that this element is a pure tracer of the SFR. Therefore, other SLRs not produced by novae, such as 60Fe are more reliable tracers of the SFR.
From the nucleosynthesis side, our 2D chemical evolution model confirms that the nova contribution to 26Al is fundamental to reproducing the observations especially in the bulge, where they should eject a larger amount of chemical elements as compared to those produced by the disc novae.
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1 In this model all the spiral arms have the same pitch angle α.
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	[image: thumbnail]	Fig. 1 Spiral pattern speeds Ωs,1(R), Ωs,2(R) and Ωs,3(R) of the multiple spiral modes moving at different pattern speeds of Model A in Spitoni et al. (2023) are indicated by the three coloured horizontal lines. Inner and outer spiral structures (moving with the above-mentioned pattern speeds) are also indicated by the thicker grey, blue and green light-blue, respectively. The disc angular velocity Ωd(R) computed by Roca-Fàbrega et al. (2014) is indicated with the dotted line. The 2:1 and 4:1 outer and inner Lindblad resonances (OLR and ILR) occur along the solid and dashed black curves, respectively. Resonances have been computed as Ωp2(R) = Ωd(R) ± κ/2 and Ωp4(R) = Ωd(R) ± κ/4, respectively where κ is the local radial epicyclic frequency. The long vertical dashed lines show the positions of the co-rotation radii assuming the three different ΩS values.
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	[image: thumbnail]	Fig. 2 2D SFR from the bulge to the outskirts of the MW (assumed in this paper to be 15 kpc). Here we report six snapshots at different time steps during the MW evolution: T1=0.066 Gyr (the peak of the bulge SFR), T2=2.25 Gyr (the peak of the disc SFR), T3=3.2 Gyr (right after the onset of the spiral arms), two recent times, T4=13.5 Gyr and T5=13.6 Gyr, and the present day time, assumed to be T6=13.7 Gyr. The position of the sun is represented by the white-edge star.
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	[image: thumbnail]	Fig. 3 Two-dimensional map of nova outburst rate in MW at four different times, T3, T4, T5 and T6.
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	[image: thumbnail]	Fig. 4 Two-dimensional distribution of 26Al mass at the six time steps where we have previously analysed the SFR. In this case, we counted both massive stars and novae as 26Al producers. Each cell is colour-coded according to the 26Al mass contained at that time step, and as in Fig. 2 the sun is indicated by the white-edge star.
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	[image: thumbnail]	Fig. 5 Same as Fig. 4, but without any contribution from nova systems.
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	[image: thumbnail]	Fig. 6 We represent here the azimuthal oscillations of the SFR and the 26Al mass as a function of azimuth. Panel a: SFR as function of azimuth at present time and solar neighbourhood. Here, we represent half of the azimuths since all the quantities are periodic. The black dashed lines, in this plot and in those below, mark the peaks of the SFR. Panel b: 26Al distribution in solar ring and present time. In pink, we show 26Al predicted by Model 1, and in green we show that from Model 2. Panel c: difference between 26Al production in the two cases. Panel d: Novae distribution in solar ring at present time.
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      Table 1 

      Descriptions of the nucleosynthesis of the two models tested, where the tick marks mark the 26Al sources included in the models.

      
        


	Model
	Massive stars
	Novae
	AGBs
	SNIa





	Model 1
	✓
	✓
	✓
	✓



	Model 2
	✓
	✗
	✓
	✓





      

    

  
    
      Fig. 1 
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        Spiral pattern speeds Ωs,1(R), Ωs,2(R) and Ωs,3(R) of the multiple spiral modes moving at different pattern speeds of Model A in Spitoni et al. (2023) are indicated by the three coloured horizontal lines. Inner and outer spiral structures (moving with the above-mentioned pattern speeds) are also indicated by the thicker grey, blue and green light-blue, respectively. The disc angular velocity Ωd(R) computed by Roca-Fàbrega et al. (2014) is indicated with the dotted line. The 2:1 and 4:1 outer and inner Lindblad resonances (OLR and ILR) occur along the solid and dashed black curves, respectively. Resonances have been computed as Ωp2(R) = Ωd(R) ± κ/2 and Ωp4(R) = Ωd(R) ± κ/4, respectively where κ is the local radial epicyclic frequency. The long vertical dashed lines show the positions of the co-rotation radii assuming the three different ΩS values.
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        2D SFR from the bulge to the outskirts of the MW (assumed in this paper to be 15 kpc). Here we report six snapshots at different time steps during the MW evolution: T1=0.066 Gyr (the peak of the bulge SFR), T2=2.25 Gyr (the peak of the disc SFR), T3=3.2 Gyr (right after the onset of the spiral arms), two recent times, T4=13.5 Gyr and T5=13.6 Gyr, and the present day time, assumed to be T6=13.7 Gyr. The position of the sun is represented by the white-edge star.
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        Two-dimensional map of nova outburst rate in MW at four different times, T3, T4, T5 and T6.
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        Two-dimensional distribution of 26Al mass at the six time steps where we have previously analysed the SFR. In this case, we counted both massive stars and novae as 26Al producers. Each cell is colour-coded according to the 26Al mass contained at that time step, and as in Fig. 2 the sun is indicated by the white-edge star.
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        Same as Fig. 4, but without any contribution from nova systems.
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        We represent here the azimuthal oscillations of the SFR and the 26Al mass as a function of azimuth. Panel a: SFR as function of azimuth at present time and solar neighbourhood. Here, we represent half of the azimuths since all the quantities are periodic. The black dashed lines, in this plot and in those below, mark the peaks of the SFR. Panel b: 26Al distribution in solar ring and present time. In pink, we show 26Al predicted by Model 1, and in green we show that from Model 2. Panel c: difference between 26Al production in the two cases. Panel d: Novae distribution in solar ring at present time.

      

    

  
    
      Table 2 

      26Al integrated over five innermost annuli (0–5 kpc) at present time for both models.

      
        


	Model
	0–1 kpc
	1–2 kpc
	2–3 kpc
	3–4 kpc
	4–5 kpc
	Total (0–5 kpc)





	Model 1
	0.056 M⊙
	0.150 M⊙
	0.229 M⊙
	0.283 M⊙
	0.312 M⊙
	1.028 M⊙



	Model 2
	0.006 M⊙
	0.014 M⊙
	0.057 M⊙
	0.083 M⊙
	0.105 M⊙
	0.265 M⊙





      

    

  
    
      Table 3 

      Milky Way disc (R>2 kpc) observational constraints compared to predicted values.

      
        


	
	Observations
	Predictions





	SFR [M⊙ yr−1]
	0.65–3(a)
	2.24



	Gas mass [109 M⊙]
	8.1–4.5(b)
	6.4



	Stellar mass [1010 M⊙]
	3.−4.(c)
	3.7



	Infall rate [M⊙ yr−1]
	0.6–1.6(d)
	0.65



	Type II SNe [events century−1]
	0.4–2.0(e)
	0.88



	Type Ia SNe [events century−1]
	0.1–0.5(e)
	0.2





      

      
Notes. Column 1 refers to the quantity in exam, column 2 to the observed value and the column 3 to the predicted value. The two models differ for the nucleosynthesis only, therefore all the other predictions are the same in the two cases. The observed values are taken from the following references. (a)Prantzos et al. (2011), Chomiuk & Povich (2011). (b)Kubryk et al. (2015). (c)Flynn et al. (2006). (d)Marasco et al. (2012), Lehner & Howk (2011). (e)Cappellaro & Turatto (1997).
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