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Overall, I think this is a nice paper that clearly demonstrates, and then provides a plausible

explanation for, the somewhat surprising absence of a difference in the metallicity gradients inferred

for mono-age Milky Way stellar populations. The models are by intent fairly schematic, but in this

case, that is a feature in that it helps bring out the key physical points. I do, however, have two

suggested improvements in the paper, along with some more minor comments I will provide at the

end.

First, it seems to me that there are some fairly basic budget questions that should be addressed with

regard to the proposed equilibrium model. By budget, what I mean is the following: we do not

precisely know the properties of the Milky Way in the past, but observations of similar galaxies in the

local Universe and their progenitors at higher redshift give us some basic constraints on how Milky

Way-like galaxies must be assembled, and it would be good to verify that the proposed equilibrium

scenario is compatible with those constraints. The main ones that I think are worth checking are:

– The best-fitting model requires a fairly high-mass loading factor over the Milky Way's full

formation history, including earlier on in that history when presumably the galaxy was a lot more

gas-rich and much of the stellar population formed. Is this a problem when it comes to the available

baryon budget? That is, in this model, the fraction of mass accreting onto the Galactic disk that winds

up in stars is relatively small,  , and at the same time, simulations seem to suggest

that the efficiency of getting baryons through the halo and into the disk,   is not all that high

either, particularly at low redshift when stable hot halos form – just to pick one possible example
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paper,  [1]  gets efficiencies of tens of percent. But ultimately, these two factors determine the stellar

mass-halo mass relation, i.e.,  , where    is the universal baryon

fraction times the halo mass. So my question is: given the small efficiency of converting disk gas to

stellar mass, does this model require a halo-disk accretion efficiency that is uncomfortably high? In

practice, my suggestion for answering this question would be simply to add up the total amount of

material accreted onto the disk as a function of time and compare this to what might be expected from

cosmological simulations. Is there any tension there?

– A second budget question is with regard to the gas fraction. The authors don't discuss it, but it

seems like their model must at least implicitly make some predictions for the cosmological evolution

of the Milky Way gas fraction. We know from observations that this was substantially higher in the

past, e.g., see Figure 5 of [2]. Is the proposed model at least qualitatively consistent with this trend?

– Finally, what does this model predict about where metals ultimately wind up? We know from COS-

HALOS and related studies that more than half the oxygen ever produced in a Milky Way-like galaxy

ultimately ends up in the CGM rather than the disk[3]. Do the models presented in this paper give

something consistent with that? (Obviously, the   model does not, but do the others?)

My second major comment is that the paper would be improved by doing a bit more to put it into the

context of galaxy formation models. The idea that gas properties, including metallicity, rapidly reach

equilibrium during galaxy formation because gas cycling times are short is not at all new; it goes back

to the “bathtub”-type models of  [4], if not earlier. The paper cites (at the very end) the proposal

by  [5]  that galactic metallicity gradients are in equilibrium, but it would be good to give a bit more

context to this idea, since it really is central to modern understandings of galaxy formation. In

addition to the two papers just mentioned, other important ones that have contributed to the idea that

galactic metal content as a function of radius is mostly an equilibrium phenomenon include [6] and [7].

There may be others too, but this is what I can think of off the top of my head. Similarly, there is

significant observational evidence that galaxy metallicity gradients have evolved only relatively

weakly since z ~ 2, for example, see Figure 8 of  [8]. Thus, the result presented here is probably less

surprising to the extragalactic metallicity community than it might be to Milky Way people. It would

be good to discuss this literature a bit.

Finally, my more minor comments, in no particular order:
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–  [9]  appears to be an effort that is very similar to this one (reconstructing the history of radial

metallicity gradients in the MW using APOGEE data), but is not cited. It would be good to discuss how

the present paper differs from this one and why, on at least some points, the conclusions differ. Most

notably, a major finding of the paper I just cited is that reproducing all the constraints requires some

degree of preferential metal loading (i.e., the metallicity of winds is higher than that of the ISM,

indicating some direct loss of SN ejecta into winds), whereas this paper seems to be able to reproduce

the data without including this, and in fact comments that preferential metal loading makes the

problem of explaining the non-evolution of gradients harder. What is the source of the difference?

– The idea that    could be ~1 for Solar neighborhood conditions, and that it is lower closer to the

Galactic center, is presented as somewhat surprising, but it is almost exactly what simulations these

days predict. Both TIGRESS/SMAUG[10]  and QED[11]  get    for their Solar neighborhood models,

and the former finds lower mass loading at higher surface density. SILCC[12] also gets   for some

of their models, though that result is more ambiguous since the value strongly depends on their

treatment of some physical processes – but in any event, the normalization and radial dependence of 

 assumed in this model will not be at all surprising to people who work on galactic winds. It may be

true, as the authors say, that many people in the Galactic chemical evolution community assume 

  based on the simulation papers cited (references 164 - 168), but these are all low-resolution

simulations that rely on subgrid models and are not really reliable compared to TIGRESS, SILCC, or

QED.

– I am a bit confused by the paragraph in the conclusion about how equilibrium models explain the

uniformity of galaxy metallicity gradients. This paragraph at least implies that the existence of

significant variation in the metallicity gradient with stellar mass would be problematic for an

equilibrium model, but that seems wrong to me – galaxies with different present-day stellar masses

presumably should have different values of the key parameter   that this paper identifies, so it

seems like we quite naturally should expect variations in the metallicity gradient for galaxies of

different stellar masses. Indeed, this is the whole point of  [13], which is an equilibrium model that

explains the mass dependence of metallicity gradients in exactly this way.

η

η ∼ 1

η ∼ 1

η

η = 0

/Σ̇∗ Σ̇in

qeios.com doi.org/10.32388/W0RS6S 3

https://www.qeios.com/
https://doi.org/10.32388/W0RS6S


References

1. ^Claude-André Faucher-Giguère, Dušan Kereš, Chung-Pei Ma. (2011). The baryonic assembly of dark

matter haloes. doi:10.1111/j.1365-2966.2011.19457.x.

2. ^Linda J. Tacconi, Reinhard Genzel, Amiel Sternberg. (2020). The Evolution of the Star-Forming Interst

ellar Medium Across Cosmic Time. Annu. Rev. Astron. Astrophys., vol. 58 (1), 157-203. doi:10.1146/annur

ev-astro-082812-141034.

3. ^Jason Tumlinson, Molly S. Peeples, Jessica K. Werk. (2017). The Circumgalactic Medium. Annu. Rev. Ast

ron. Astrophys., vol. 55 (1), 389-432. doi:10.1146/annurev-astro-091916-055240.

4. ^Simon J. Lilly, C. Marcella Carollo, Antonio Pipino, Alvio Renzini, et al. (2013). GAS REGULATION OF G

ALAXIES: THE EVOLUTION OF THE COSMIC SPECIFIC STAR FORMATION RATE, THE METALLICITY-MA

SS-STAR-FORMATION RATE RELATION, AND THE STELLAR CONTENT OF HALOS. ApJ, vol. 772 (2), 11

9. doi:10.1088/0004-637x/772/2/119.

5. ^Piyush Sharda, Mark R Krumholz, Emily Wisnioski, John C Forbes, et al. (2021). The physics of gas phas

e metallicity gradients in galaxies. doi:10.1093/mnras/stab252.

6. ^John C. Forbes, Mark R. Krumholz, Andreas Burkert, Avishai Dekel. (2013). Balance among gravitation

al instability, star formation and accretion determines the structure and evolution of disc galaxies. doi:1

0.1093/mnras/stt2294.

7. ^Robert M Yates, Bruno M B Henriques, Jian Fu, Guinevere Kauffmann, et al. (2021). <scp>L-GALAXIES

</scp> 2020: The evolution of radial metallicity profiles and global metallicities in disc galaxies. doi:10.

1093/mnras/stab741.

8. ^Mirko Curti, Roberto Maiolino, Michele Cirasuolo, Filippo Mannucci, et al. (2019). The KLEVER Survey:

spatially resolved metallicity maps and gradients in a sample of 1.2 &amp;lt; <i>z</i> &amp;lt; 2.5 lens

ed galaxies. doi:10.1093/mnras/stz3379.

9. ^Piyush Sharda, Yuan-Sen Ting, Neige Frankel. (2024). A path towards constraining the evolution of th

e interstellar medium and outflows in the Milky Way using APOGEE. doi:10.1093/mnras/stae1362.

10. ^Chang-Goo Kim, Eve C. Ostriker, Rachel S. Somerville, Greg L. Bryan, et al. (2020). First Results from S

MAUG: Characterization of Multiphase Galactic Outflows from a Suite of Local Star-forming Galactic Di

sk Simulations. ApJ, vol. 900 (1), 61. doi:10.3847/1538-4357/aba962.

11. ^Aditi Vijayan, Mark R Krumholz, Benjamin D Wibking. (2023). <scp>Quokka</scp>-based understand

ing of outflows (QED) – I. Metal loading, phase structure, and convergence testing for solar neighbourh

qeios.com doi.org/10.32388/W0RS6S 4

https://doi.org/10.1111/j.1365-2966.2011.19457.x
https://doi.org/10.1111/j.1365-2966.2011.19457.x
https://doi.org/10.1146/annurev-astro-082812-141034
https://doi.org/10.1146/annurev-astro-082812-141034
https://doi.org/10.1146/annurev-astro-091916-055240
https://doi.org/10.1088/0004-637x/772/2/119
https://doi.org/10.1088/0004-637x/772/2/119
https://doi.org/10.1088/0004-637x/772/2/119
https://doi.org/10.1093/mnras/stab252
https://doi.org/10.1093/mnras/stab252
https://doi.org/10.1093/mnras/stt2294
https://doi.org/10.1093/mnras/stt2294
https://doi.org/10.1093/mnras/stab741
https://doi.org/10.1093/mnras/stab741
https://doi.org/10.1093/mnras/stz3379
https://doi.org/10.1093/mnras/stz3379
https://doi.org/10.1093/mnras/stz3379
https://doi.org/10.1093/mnras/stae1362
https://doi.org/10.1093/mnras/stae1362
https://doi.org/10.3847/1538-4357/aba962
https://doi.org/10.3847/1538-4357/aba962
https://doi.org/10.3847/1538-4357/aba962
https://doi.org/10.1093/mnras/stad3816
https://doi.org/10.1093/mnras/stad3816
https://www.qeios.com/
https://doi.org/10.32388/W0RS6S


ood conditions. doi:10.1093/mnras/stad3816.

12. ^Tim-Eric Rathjen, Thorsten Naab, Philipp Girichidis, Stefanie Walch, et al. (2021). SILCC VI – Multiph

ase ISM structure, stellar clustering, and outflows with supernovae, stellar winds, ionizing radiation, an

d cosmic rays. doi:10.1093/mnras/stab900.

13. ^Piyush Sharda, Mark R Krumholz, Emily Wisnioski, Ayan Acharyya, et al. (2021). On the origin of the

mass–metallicity gradient relation in the local Universe. doi:10.1093/mnras/stab868.

Declarations

Potential competing interests: No potential competing interests to declare.

qeios.com doi.org/10.32388/W0RS6S 5

https://doi.org/10.1093/mnras/stad3816
https://doi.org/10.1093/mnras/stab900
https://doi.org/10.1093/mnras/stab900
https://doi.org/10.1093/mnras/stab900
https://doi.org/10.1093/mnras/stab868
https://doi.org/10.1093/mnras/stab868
https://www.qeios.com/
https://doi.org/10.32388/W0RS6S

