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Light weighted

• X: mass fraction of H


• Y: mass fraction of He


• Z: mass fraction of all the remaining 
elements (metals)


• X+Y+Z=1


• 


•

Z⊙ = 0.014

[Fe/H]i = log10(
NFe

NH
)i − log10(

NFe

NH
)⊙

Metallicity profile of Milky Way
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metallicity profiles of our Galaxy are inconsistent with the bulk of Milky 
Way-mass MaNGA and TNG50 galaxies, which—when averaged across 
the populations—generally show flatter radial metallicity distributions. 
The flatter stellar metallicity gradients of local galaxies are qualitatively 
consistent with other independent measurements of MaNGA galax-
ies17 and different IFU surveys18, and are also consistent with those of 
nearby massive star-forming galaxies19–22, for which spectroscopic 
observations of resolved luminous stellar populations (for example, 
red or blue supergiants) are available.

Although appearing to be uncommon, the broken stellar metal-
licity profile of the Milky Way is not unique in either the observed or 
simulated samples or in other local observations23. To estimate the 
frequency of the Milky Way-like profile in these samples, we quantify 
the inner and outer gradients of the metallicity profiles of individual 
MaNGA and TNG50 galaxies with a broken linear function, the same 
as that of the Milky Way (Methods). We find a small fraction of the 
comparison galaxies (~1% in the MaNGA sample and 11% in the TNG50 
sample) that have normalized inner and outer gradients (in dex Re

−1) 
consistent with those of the Milky Way within uncertainties, including 
the uncertainties due to the Milky Way’s size. We highlight one such 
galaxy in each sample in Fig. 2. We note that the fraction in our MaNGA 
sample might be underestimated because of limited spatial resolution 
and radial coverage of the data.

Regarding the present-day metallicity profiles, Milky Way-like 
galaxies generally show a monotonic, negative gradient, qualitatively 
consistent with the Milky Way. Quantitative comparison of the gradi-
ent normalized to the effective radius, however, is rather sensitive to 
the adopted size of our Galaxy. The metallicity gradients of galaxies 
are comparable to that of the Milky Way when assuming a small size 
of our Galaxy, but tend to be flatter than the Milky Way when a larger 
size is adopted.

The analysis of the simulated galaxies confirms that there is 
an innate relationship between the shape of the galaxy metallicity 
profiles and the disk structure evolution, as shown in Figure 3. In the 
inner regions (Fig. 3a), the Milky Way and TNG50 galaxies with Milky 
Way-like disk structure evolution show a positive metallicity gradient 
accompanied by a positive gradient of the luminosity profile of the 
young population. This indicates reduced recent star formation in 
the innermost regions of these galaxies, and could be a manifestation 
of the growth of the bulge24 or of inside-out quenching of star forma-
tion25–27, possibly due to active galactic nucleus feedback as is the case 
for TNG50 galaxies15,28,29.

In the outer regions (Fig. 3b), however, TNG50 galaxies with Milky 
Way-like structure typically show a flatter metallicity gradient. As sug-
gested from empirical chemical evolution models or zoom-in simula-
tions, a steep outer metallicity gradient could possibly be induced by 
a number of processes: inside-out ignition of star formation due to 
decreasing gas density with radius and inside-out disk growth due to 
increasing gas accretion timescale with radius12,30, radial gas inflow 
along the disk that carries enriched material inwards31,32 and an abrupt, 
metal-free gas accretion event via, for example, a minor merger that 
preferentially dilutes the disk at larger radii33,34. The simulated galaxies’ 
metallicity gradients shaped by these processes may also depend on 
how they are implemented in the models. For instance, in the metal-free 
gas accretion scenario, the resulting dilution as a function of radius 
strongly depends on the radial distribution of gas infall and therefore 
the mass and orbit of the infalling satellite. These requirements on the 
infalling-satellite parameters could make the accretion-induced steep 
metallicity gradient uncommon.

To summarize, we find that the integrated, light-weighted metallic-
ity profile of the Milky Way is non-monotonic, with a positive gradient 
inside 7 kpc and a negative gradient outside. This metallicity profile 
is not unique but is uncommon among Milky Way-mass star-forming 
galaxies both in the local Universe and in a state-of-the-art cosmo-
logical simulation. The overall shape of the Milky Way’s gradient is 

When accounting for stars of all ages, the light-weighted inte-
grated stellar metallicity of the Milky Way is overall subsolar. The 
radial profile of the integrated stellar metallicity shows a break at 
6.9 ± 0.6 kpc, with a positive slope of 0.031 ± 0.010 dex kpc−1 within 
the break radius and a negative slope of −0.052 ± 0.008 dex kpc−1 
beyond it (Fig. 1 and Methods). This break, however, is not seen in 
the metallicity profiles of mono-age populations, which are either 
flat in the old age bin, or steep and negative in younger stellar popu-
lations. The steep gradient of young populations is consistent with 
observations of young stars and H II regions in the Milky Way3–9. The 
fraction of total luminosity in the old (8–12 Gyr), metal-poor stellar 
population decreases with radius, while the opposite is true for the 
younger, more metal-rich populations. This is consistent with the 
more radially compact structure, that is shorter scale length, of the old 
population10,11. This radially varying contribution of the old, metal-poor 
versus young, metal-rich stellar populations in the disk gives rise to the 
positive slope of metallicity profile in the inner Galaxy12. For the same 
reason, the negative slope in the outer Galaxy reflects the gradient of 
the young and intermediate-age populations that dominate at larger 
radii. These results suggest an intriguing connection between the 
integrated stellar metallicity profile and the structural evolution of  
the Milky Way.

To compare the Milky Way with other galaxies, we meas-
ure the integrated stellar and gas-phase metallicity profiles of 321 
face-on, star-forming galaxies with Milky Way-like stellar mass 
(|log(M★/MMW)| < 0.2 dex) in the MaNGA (Mapping Nearby Galaxies at 
Apache Point Observatory) Integral Field Unit (IFU) survey13 (Methods). 
In addition, we compare our results with profiles of 134 Milky Way-mass, 
star-forming galaxies in the TNG50 cosmological magnetohydro-
dynamical simulation14,15. Figure 2 shows the total (that is, average 
stellar, left and middle panels) and present-day (that is, gas-phase 
or young stars, right panel) metallicity profiles of these MaNGA and 
TNG50 galaxies in comparison with that of the Milky Way. All profiles 
are normalized to their galaxy’s effective radius (Re) to marginalize 
over the effect of galaxy size. Because of uncertainty in the current 
measurement of the Milky Way’s size (Methods), we adopt a range of 
effective radii of 3.4–6.7 kpc (ref. 16) for the Milky Way, correspond-
ing to a scale length of 2–4 kpc assuming a single-exponential profile; 
we thus show the Milky way’s metallicity profiles for the two extreme 
cases. It is evident that, regardless of the Milky Way’s size, the integrated 
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Fig. 1 | Average light-weighted stellar iron abundance profiles of the Milky 
Way galaxy as a whole and of three different age populations. The integrated 
metallicity of all ages and that in each age bin are average values of 26 MAPs, 
weighted by their bolometric luminosity (Methods). Error bars and shaded 
regions indicate the 1σ uncertainties of the average metallicity measurements. 
The sizes of the coloured squares indicate the fraction of the total luminosity for 
each radial bin contained in each mono-age component.
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Galactocentric distance R
Dark matter profile

BUR NFW

⇢H [107M�/kpc3] 4.13+6.2
�1.6 1.40+2.9

�0.93

RH [kpc] 9.26+5.6
�4.2 16.1+17.

�7.8

V� [km/s] 241.+11.
�7.4 244.+6.3

�7.7

R� [kpc] 7.94+0.36
�0.24 8.08+0.2

�0.2

⇢� [GeV/cm3] 0.487+0.075
�0.088 0.471+0.048

�0.061

Mr<50 kpc [1012M�] 0.45+0.35
�0.20 0.48+0.20

�0.15

Mr<100 kpc [1012M�] 0.67+0.67
�0.33 0.81+0.60

�0.32

Mvir [1012M�] 1.11+1.6
�0.61 1.53+2.3

�0.77

cvir [�=200] 31.4+13.
�5.3 20.1+11.

�7.1

Table 1. Best fit halo parameters and uncertainties for the Burkert and NFW profiles. The best fit values
are relative to �1 = �0.5, while the reported ranges correspond to 2� intervals (95.45% C.L.) calculated in
the two-parameter space V�-RH (see figure 5) by considering also the range �1 = [0,�1]. As a result, quoted
uncertainties should not be considered as statistical gaussian intervals, but only as estimates of expected values.

values in table 1 give Log(⇢HRH/M�pc2) ' 2, in perfect accordance with the trend obtained for other
galaxies in a wide span of magnitudes [15]. This is also the correlation between ⇢H and RH which
can be inferred from the left figure 3, so that this relation is stable under variations of �2.

We also analysed the model featuring a NFW DM profile plus baryons, shown in the right panel
of figure 3, as well as in the lower panels of figure 4 and 5. In figure 3 we also show the contours
of the total MW virial mass Mvir and the concentration parameter cvir on the right axis (using an
overdensity parameter �vir = 200).

As one can see the allowed range of halo scale radii turns out to be quite wide, RH = 10-30 kpc.
In addition for NFW, unlike the Burkert case, the correlation between ⇢H and RH in the right panel
of figure 3, is of the form ⇢HR2

H ⇠const., which reflects just the velocity constraints along the curve
(both maser velocities and halo dispersions), in practice just a byproduct of the parametrization of
the DM density through ⇢H , devoid of deep significance. Similarly for the V�-RH correlation in the
central frames of lower figure 5.

In addition, two more remarks can be made. First, the NFW plus baryons best fit models require
minimal bulge and disk masses as well as the largest disk scale radius, all at the boundary of the
constraining intervals. This can be clearly appreciated in figure 5, where these parameters are varied
and ther correlation shown. If one fixes the more reasonable value of RD ' 2.5 kpc, the NFW fit
worsens to �2

DOF ' 2.2, corresponding to a probability of less than 10�4 (the Burkert fit instead raises
to �2

DOF = 0.7 which is still very good). Thus, the acceptable fits of the NFW plus baryons model are
only achieved by stretching the astrophysical parameters to their allowed values.

Second, a fairly high value for cvir ' 20 ± 10 is obtained for the NFW profile. Current ⇤CDM
cosmological N-Body simulations imply the relation cvir = 9.6Mvir/(h�11012M�) [33] (with �vir =

200), which is also depicted on figure 3 for comparison. The Galaxy reasonably has Mvir & 1012M�,
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Solar mass initial condition : M⊙

• Zero age main sequence (ZAMS)


• Red giant branch (RGB)


• Horizontal branch (HB)


• Asymptotic giant branch (AGB)


• White dwarf (WD)

Color Magnitude Diagram

Russell Smith Stellar Populations 2021

HORIZONTAL BRANCH (HB)
Core He burning. Details depend on metallicity 
and on mass-loss in the RGB phase.

ASYMPTOTIC GIANT BRANCH 
(AGB)
He burning in shell around inert C/O core. 
Complicated mass-dependent evolution from 
here on. 

WHITE DWARF SEQUENCE (WD)
Low-mass stars eject envelope and leave inert 
C/O core which cools as a WD. 

SUPERNOVAE
Massive stars explode as SNe.    

 Stellar evolution reminder

1.0 Msun



possible degeneracy

• M92 is a metal-poor globular 
cluster and can be an anchor for 
the red giant evolution


• Metal rich -> reddening


• Turn Off of Main Sequence -> 
Age is determined


• Red giant -> Metallicity is 
determined

Age and Metallicity

Russell Smith Stellar Populations 2021

 Theoretical isochrones vs data
The classic tool for “resolved stellar 
populations”.

First need to predict observable quantities, i.e. 
band luminosities and colours.

COLOUR TRANSFORMATIONS
Need to translate physical parameters (Teff, log 
g, Lbol) to observed colours (e.g. B-V, J-K), based 
on theoretical stellar atmospheres (or 
empirical libraries).

ISOCHRONE FITTING
For deep CMDs, there is enough information 
to decouple many parameters: age, metallicity, 
distance, reddening etc. 

For shallower data, some of these quantities 
will be poorly constrained (e.g. age unless 
MSTO is reached).

M92 (Dotter et al. 2009)

reddening

distance

metallicity

Age

Russell Smith Lecture



Uncertainties of Stellar Models
Age determination

• Metallicity


• Helium


• O, N


• Opacity


• …

Y Lebreton et al (2014)

Y. Lebreton, M.J. Goupil & J. Montalbán: Stellar Models Uncertainties 71

Fig. 43. Synthesis of the ranges of relative age di↵erences at TO, as obtained when

changing one of the inputs of the reference model (defined in Sect. 2.4.3). From left

to right, the case labels on the abscissae correspond to the following changes: [1, 2]

[Fe/H] abundance by ±0.1 dex with respect to solar, [3, 4] initial helium abundance by

±0.03 with respect to solar, [5] �Y/�Z by +3 with respect to solar, [6,7] ↵-elements

enhancement of +0.4 dex at [Fe/H]=0.0 (a) and �1.0 dex (b), [8] solar mixture (AGSS09

vs GN93 mixture), [9] opacity (increased by 10 per cent), [10] conductive opacity, Iben

(1975) vs Cassisi et al. (2007) formalism, [11] �pp reaction rate (decreased by 15 per

cent), [12, 13] �CNO (LUNA vs NACRE rate for the 14N(p, �)15O rate) at [Fe/H]= 0.0

dex (a) and �2.0 dex (c), [14] screening factor in nuclear reaction rates (no screening vs

screening), [15, 16] atomic di↵usion for (d) di↵usion vs no di↵usion and (e) no di↵usion vs

di↵usion with di↵usion velocities increased by 20 per cent, [17, 18] ↵MLT value by ±0.20

dex with respect to solar, [19] prescription for convection (MLT vs FST), [20] convective

core overshooting (↵ov = 0.20 vs no overshooting), [21, 22] rotation (⌦ = 50 km s�1 vs

no rotation), at [Fe/H]=0.0 dex (a) and ⇠ �1.0 dex (b).

exactly the prescribed input physics and constants (blue symbols in Fig. 42), the
di↵erences are reduced by a factor of about two. In this case, we can consider that
the di↵erences between the code results are only due to di↵erences in numerical
treatments, that is the handling of table interpolation (to get the opacity, EoS
outputs, etc.), the methods used to solve the equations, and hidden numerical
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Fig. 8. Same as Fig. 6 but for the PWZ relations.

DR3 metallicity estimate, therefore retaining only DCEPs with
metallicity measures from ground-based HiRes spectrographs.

The uncertainties on the parameters calculated in the fol-
lowing analysis are obtained through the bootstrap technique.
A set of 1000 resampling experiments is performed and the co-
e�cients of the Eq. 2 are calculated for each obtained random
data set. Finally, the quoted errors are estimated by considering
the robust standard deviation of the obtained coe�cient distribu-
tions.

4. Results

4.1. Literature and Gaia DR3 sample

The results of the fitting procedure obtained for this case are
listed in Table 3. We studied the dependence of the fitted
PLZ/PWZ coe�cients on the central wavelength of the consid-
ered filters. To associate a characteristic wavelength to the We-
senheit magnitudes, we decided to consider the central wave-
length of the main band (e.g. G band for the WG,BP�RP case). The
results of this analysis are shown in Fig. 4 for the F+1O sample

Fig. 9. Same as Fig. 7 but for the PWZ relations.

(i.e. the sample including both F and fundamentalised 1O pul-
sators) and assuming a metallicity dependence also in the slope
of the PLZ/PWZ relation (i.e. � , 0). Looking at the PLZ co-
e�cients (blue filled circles), a strong linear dependence as a
function of the ��1 is evident only for the ↵ and � coe�cients
(correlation coe�cient R

2 ' 1), while for � and � the slope of
the fit is consistent with zero. The relations between ↵ , �, and
��1 are the following:

↵ = (0.618 ± 0.003) · ��1 + (�3.428 ± 0.006),

with rms = 0.019,R2 = 0.99, and

� = (1.345 ± 0.026) · ��1 + (�6.49 ± 0.04),

with rms = 0.059,R2 = 0.99. The strong dependence of the
slope on the wavelength is a well-known feature, as thoroughly
discussed by Madore & Freedman (2011).

A similar discussion is valid for the case where the � coe�-
cient is neglected in Eq. 2. The estimated parameters are shown
in Fig. 5, while the linear equations for ↵ and � coe�cients are
the following:

Article number, page 9 of 20
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Fig. 4. Coe�cients of PLZ/PWZ relations obtained from the fit to the
Lit. + Gaia sample plotted against the ��1 parameter. From top to bot-
tom, the panels correspond to the ↵, �, �, and � coe�cients. In each
panel, PLZ and PWZ coe�cients are plotted with blue and red symbols
respectively, while the solid line shows the linear fit only for the PLZ

relations. Grey dashed lines in the � panel delimit the range of results
in the literature (�0.2 to �0.4 mag/dex, see Breuval et al. 2022, and
Sect. 5.4), while in the � panel, it corresponds to the value 0.

samples); and (iv) a few stars with HiRes metallicities from the
GALAH Survey (GALactic Archaeology with HERMES; Buder
et al. 2021, stars OGLE-GD-CEP-0059, OGLE-GD-CEP-0058,
V1253 Cen) and from the PASTEL catalogue (Soubiran et al.
2016, star OGLE-GD-CEP-0117). With these additions, the total
number of DCEPs with metallicities from HiRes spectroscopy
is 635. Concerning homogeneity, apart from the few stars from
GALAH, PASTEL, or GC17, the main samples adopted in this
work are the G18, K22, and combined C-MetaLL data. As men-
tioned above, the G18 sample is already homogeneous, while the
K22 abundances were homogenised with those of the C-MetaLL
sample in Trentin et al. (2023). As discussed in Ripepi et al.
(2021b), the C-MetaLL data have only two stars in common with
G18, namely X Sct and V5567 Sgr. For these two stars, the abun-
dances agree well within 0.5 �.

Fig. 5. Same as Fig. 4 but for the case neglecting the metallicity depen-
dence in the PLZ/PLW slope (i.e. � = 0).

In addition to this already large sample, we decided to
exploit the recent results released by the Gaia DR3. To this
aim, we cross-matched the DCEP catalogue published by Gaia

DR3 (Vizier catalogue I/358/vcep) as amended by (Ripepi et al.
2022) with that of the astrophysical parameters (Vizier catalogue
I/355/paramp), retaining only matching stars that have a global
metallicity value ([M/H]) derived from the medium-resolution
spectra obtained with the Radial Velocity Spectrometer (RVS,
see Recio-Blanco et al. 2023, for details). The total number of
matching stars is 983, among which 475 have HiRes metallicity
estimations from the literature. Gaia metallicities were corrected
following the recipe by Recio-Blanco et al. (2023, their eq. 4 and
table 5), and then we assigned a data-quality flag to every object.
Assigned flags are 1, 2, and 3, which refer to high-, medium-, and
low-quality, respectively, according to Recio-Blanco et al. (2023,
see sect. 9). The Gaia abundances were derived using the stacked
RVS spectra over all the epochs of observations. The resulting
spectra are therefore an average of many spectra over the pulsa-
tion cycle. As the DCEPs vary in terms of e↵ective temperature,
surface gravity, and microturbulent velocity along the pulsation
cycle, we can in principle expect an impact on the derived abun-
dances. In addition, the abundances published in the Gaia As-
trophysical parameters are the mean metallicities [M/H], which
may di↵er from the [Fe/H] scale used for the HiRes sample. To
investigate these potential concerns, we compared the corrected
Gaia metallicities with those from the HiRes sample for the 475
stars in common. The result is shown in Fig. 2. There is good
overall agreement for all the Gaia subsamples (low, medium,
and high quality). In all cases, the average di↵erence between
HiRes and Gaia results is very low, namely � ⇠ �0.03 dex, with
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Cepheid Metallicity in the Leavitt Law (C-MetaLL) survey 

V. New multiband (grizJHKs) Cepheid light curves and period–luminosity relations⋆ 

Cepheids and SN Ia 

:Standardizable candle

https://www.aanda.org/articles/aa/full_html/2024/03/aa48140-23/aa48140-23.html#FN1


Cepheids, the spherical effect has been suggested to be within
0.1 dex (Heiter & Eriksson 2006).

During the above estimation of [Fe/H] and ξ, we fixed five
parameters of the atmosphere models, i.e., Teff, glog , vbroad,
[α/Fe], and [C/Fe], of which the last two abundance ratios
were assumed to be zero. In contrast, the metallicity [Fe/H] of
the atmospheric model changed together with the [Fe/H] being
used for synthesizing the Fe I lines, so that the prediction of the
line strengths was self-consistent. Then we estimated the
systematic errors caused by the uncertainty in the stellar
parameters as follows. We evaluated how much the [Fe/H] for
reproducing each line absorption would change by differentiat-
ing each of the following six parameters by the amount given
in parentheses: Teff (±100 K), glog (±0.15 dex), ξ
(±0.3 km s−1), [α/Fe] (±0.3 dex), [C/Fe] (±0.3 dex), and

the model metallicity [Fe/H] (±0.15 dex). For Cep024.54
−01.68 and Cep028.76−00.43, with larger errors in Teff, we
used larger offsets, ±150 K. The total systematic errors were
finally calculated by combining the above responses to varying
the stellar parameters with the standard deviation of the line-by-
line abundances in quadrature. Table 2 lists the total errors thus
obtained.

4. The Metallicity Gradient

4.1. Our Result

Figure 2 plots the [Fe/H] of the target Cepheids against RGC
(upper panel), l (lower left panel), and the Galactic azimuth β
(lower right panel). The azimuth β is defined as zero toward the
Sun and increasing in the direction of Galactic rotation,

Figure 2. The metallicity distribution of Cepheids plotted against (a) RGC, (b) l, and (c) β. The red circles indicate our results, while the other symbols indicate the
results from some relevant papers—Luck (2018) with gray circles, Kovtyukh et al. (2022) with blue crosses, Elgueta (2022) with red diamonds, and Trentin et al.
(2023) with blue circles. The error bars for our measurements include the systematic errors, while those for Kovtyukh et al. (2022) and Elgueta (2022) include the
standard deviation of line-by-line [Fe/H] only. The black triangles in panel (a) show the averaged metallicity of the Cepheids from Luck (2018) in bins with a width of
1 kpc at each position. The linear regression to the metallicity gradient is indicated by the red line, together with the 90% confidence interval for our Cepheids, while
the black counterpart indicates the gradient obtained for the Cepheids from Luck (2018) at RGC > 6.5 kpc. In panels (b) and (c), only the objects in the inner disk
(3 < RGC < 6.5 kpc) are compared.

5
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Metallicity vs Galactocentric distance



Cepheid as a Heat Engine
Pulsation cycle : opacity as a valve, layer as a piston

• 1. Valve open : radiation 
goes out and shrinks due 
to gravity


• 2. Compressed layer heats 
up and becomes opaque


• 3. Valve closed : opacity 
keeps radiation more and 
raises temperature 
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HET611-M17A01: Pulsating Stars: Stars that Breathe PAGE 23 OF 39

A simple pulsation cycle

At one point in the pulsation cycle, a layer of stellar material loses support against
the star’s gravity and falls inwards.

This inward motion tends to compress the layer, which heats up and becomes
more opaque to radiation.

Since radiation diffuses more slowly through the layer (as a consequence of its
increased opacity), heat builds up beneath it.
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The pressure rises below the layer, pushing it outwards.

As it moves outwards, the layer expands, cools, and becomes more transparent
to radiation.

Energy can now escape from below the layer, and pressure beneath the layer
drops.

• 4. Pressure pushes it 
outward


• 5. Valve starts to be open : 
layer expands and cools 
and opacity decreases


• 6. Valve open : back to 1



Blue loop
from red(or yellow) giant branch Smooth He burning for 


triggers the blue loop
M > 2.3 M⊙



Lyre(Lyra) of Orpheus        Lyrae=of Lyre



Cepheid variable: Period – Luminosity relation 

Pulsation Period : 1 - 50 days

Luminosity (L) : 300 - 26,000 L⊙

Radius (R)       : 14 - 200 R⊙

Mass (M)       : 3.7 - 14 M⊙

PL relation of Cepheids is used

to measure the distance.


Standard candle
P ∼ 0.5 day
L ∼ 40 L⊙
M ∼ 0.5 M⊙

 old1010 yr
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FIG. 2: Evolution of the energy density in longitudinal modes, from inflationary production through to matter

radiation equality. As expected from figure 1, the evolution is the same as it would be for a massive scalar in all

regions except the red triangle labelled “Vector regime”. In that regime, the energy stored in a scalar would be

constant, whereas for the vector it damps as a�2. This damping suppresses large-scale isocurvature modes, allowing

the produced vector abundance to make up the dark matter. This abundance is dominated by modes of comoving

size 1/k⇤ indicated by the dashed line. The details of reheating do not a↵ect these modes, as long at it occurs before

they reenter the horizon.

This behaviour is the same as it would be for a massless scalar, whose kinetic energy damps as a�2 in

this regime while the field itself is frozen. This is just as expected from the discussion in section IIIA.

• Sub-horizon relativistic regime – k/a � m,H. This is the region labelled “radiation” in figure 2.

Here we can drop them2 terms, and treat theH@t term as a small perturbation. Switching to conformal

time dt = ad⌘, the equation of motion is approximately
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this regime while the field itself is frozen. This is just as expected from the discussion in section IIIA.
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FIG. 3: Primordial power spectrum of the amplitude of a massive vector field’s longitudinal modes, produced purely

by inflationary fluctuations. The spectrum is shown at a time just 3 e-folds after H = m, and shorter wavelength

modes (on the right of the plot) are still relativistic. At later times the k
�1 scaling will continue all the way to the

right of the plot.

We can now see that the power spectrum of the longitudinal modes of vectors produced by inflation is

di↵erent from those of scalars. For both the vector and the scalar, modes of all values of k have the same

energy density when they exit the horizon, d⇢/d ln k ⇠ H4
I
. The subsequent redshift of this energy density

varies for di↵erent modes and at di↵erent times as indicated in figure 2. In particular, the energy density in

vectors and scalars redshifts identically for modes that are in the pale blue and brown regions of figure 2.

This is unsurprising since in these regions, the e↵ective action of the vector is identical to that of scalars

(with some field redefinitions). However, in the red-region of figure 2, as seen in (40), the energy density in

vectors redshifts as a�2 while the energy density in a scalar would be constant.

For the vector, it can be seen fairly simply (geometrically) from figure 2 that the modes whose energy

redshifts the least are those of the special wavenumber k⇤. Modes with longer wavelengths (further up the

figure) receive extra redshifting in the “vector regime”, causing the final energy in them to fall as k2 at small k.

Modes with shorter wavelength (further down the figure) undergo rapid redshifting while they are behaving

like radiation, causing the final energy density in them to fall as k�1 at large k. This means that the power

spectrum of the vector has a peaked structure (shown in figures 3 and 4), with power concentrated at the

wavenumber k⇤. This implies that the power in experimentally probed (CMB) long wavelength fluctuations

of the energy density of vectors is suppressed. This production mechanism does imply significant power at

short wavelengths, but these have not yet been accessed by experiment.

This is in stark contrast to scalars. The energy density in a scalar mode is constant when it is in the

red-region of figure 2. Hence, all modes with momentum lower than k⇤ have the same power, leading to

isocurvature power at length scales probed by the CMB.

from vector regime

radiation vs matter
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FIG. 4: (Lower plot) Primordial density power spectrum of a massive vector produced by inflationary fluctuations.

The spectrum is shown at a time when all modes covered are non-relativistic, but before self-gravitation of the modes

is important (this should be approximately valid until matter-radiation equality). The peaked part of the spectrum at

large k is the isocurvature power produced by the inflationary fluctuations of the field itself. The also flat part of the

spectrum at small k corresponds to the usual adiabatic fluctuations, which are imprinted onto the field from inflaton

fluctuations. The values m = 10�5 eV and HI ⇡ 1014 GeV were used here, corresponding to k⇤ ⇡ 1400 pc�1. Because

the density fluctuations are O(1) for k ⇠ k⇤, fluctuations on shorter scales (in the gray region) are not well described

by the power spectrum alone (see Fig. 5). These higher k modes are also expected to be a↵ected by quantum pressure

later in their evolution. For comparison, the top plot shows the power spectrum of the field amplitude (figure 3).

A. Isocurvature Fluctuations

As demonstrated in Section III the power spectrum of the massive vector field is peaked as in figure 3, with

O(1) power at the special scale k⇤. Since they are generation without correlated fluctuations in the radiation

bath, these are isocurvature fluctuations. Isocurvature perturbations are dangerous, since on cosmological

scales are strongly constrained by CMB observations. However, this limit only applies to scales within a few

orders of magnitude of the current size of the universe. On the other hand, k⇤ corresponds to a cosmologically

tiny scale,

1/k⇤ ⇠ 1010 km⇥

r
10�5 eV

m
. (47)

The isocurvature power spectrum fall o↵ on long wavelengths (low k), to unobservable levels. To demonstrate

explicitly this we calculate the density power spectrum in appendix A. The result is plotted as the peaked

spectrum in the lower panel of Figure 4. The power falls as k3 below k⇤, becoming completely negligible on

Vector dark matter from inflation (longitudinal)

1
k*
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Dark Photon Stars
2203.10100

• Longitudinal component is produced during inflation.


• .


• Dark photon dark matter is possible for .


• Longitudinal component acts as a scalar during inflation by the Goldstone 
equivalence theorem.


•  is stretched to 

ΩA

ΩDM
=

m
10−5 eV ( H
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2

10−5 eV < m < 108 GeV
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=
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1
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a0
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∼

1
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T2
0

mMPl
∼

1
m ( 10−4 eV
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Figure 1: A schematic representation of the dark photon dark matter distribution today. At subgalactic
scales, roughly parsec and smaller, the dark matter is bound in compact halos that arise from the collapse
of small-scale primordial inhomogeneities (centre panel). The left panel shows structure at smaller scales:
solitons, i.e. dark photon stars, their surrounding fuzzy halos, and dark matter filaments connecting them.

ventional cold dark matter structure formation.4 As we will see in Section 3, the typical length scale
of the inhomogeneities is so tiny that the quantum pressure of the bosons is relevant in the dynamics.
Indeed, although the small-scale inhomogeneities are already non-linear before matter-radiation equality
(MRE), quantum pressure prevents their collapse until after MRE. At that point, the overdensities col-
lapse into gravitationally bound objects fully supported by quantum pressure, with typical mass of order
10�16

M�(10�5eV/m)3/2. The number of bound particles is N ' 1055(10�5eV/m)5/2, and for all vector
masses m . few ⇥ 107GeV the occupation numbers of the quantum states are so large that this bound
object is well-described as a quantum soliton of the semi-classical vector field.

We find that these dark photon star or Proca star solitons make up an order one fraction of the
DM, a remarkable possibility given that the solitons and both macroscopic and intrinsically quantum.
Moreover they attract surrounding DM, which therefore gets bound around the solitons in a ‘fuzzy’ halo,
see Figure 1 (left). Additionally, the solitons are produced with excited quasi-normal modes, which are
long lived and decay via the emission of dark photon (spherical) waves.

The evolution during inflation also leaves the vector field with overdensities at larger length scales,
with a k

3 power spectrum. Overdensities on increasingly large scale become non-linear after MRE, and
when they collapse they induce a ‘primordial’ structure formation, producing small halos, which we dub
compact halos. These have mass of order 10�11

M�(10�5eV/m)3/2 and will contain some of the solitons,
see Figure 1 (centre). The compact halos will become subhalos of the larger galactic halos that are
produced when the standard adiabatic almost-scale invariant fluctuations sourced by the inflaton become
non-linear.

We will see that the solitons, fuzzy halos and the densest compact halos are likely to remain undis-
rupted during the formation and evolution of the Milky Way, and therefore are likely to persist to the
present day. The dark matter substructure in Figure 1 is an unavoidable property of vector boson DM
produced by inflation fluctuations. It could therefore lead to smoking-gun signatures for dark photon

4We note that other types of interesting exotic compact objects can occur in more complex dark sectors involving dark
photons [12].

3

Dark photon stars

Solar system size
1011km(10−5eV/m)1/2

ρ ∼ 106ρ0

10−16M⊙(10−5eV/m)3/2
Mass

𝒩 ∼ 1055 (10−5eV/m)5/2

10−11M⊙(10−5eV/m)3/2
Mass

2203.10100



Quantum Dark Photon Stars

•  with  and .


• .


•  is the minimum.


•  is a free parameter which should be determined from the relic density.
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Will Dark Photon Stars survive?
• Jacobi radius : tidal force dominates over the local binding force, 


•   from  .


• 


• Typically  and the dark photon stars will be tidally disrupted near astro 
stellar objects.


• Small fraction would be captured and will form a halo with size .
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is the important time scale (see Fig. 1), which is about
104 s at recombination, or about 10�9 compared to the
Hubble scale at the time5. The time scale ⌧ei sets the
rate of the thermalization between the electrons and ions,
and as a result, the time scale over which the ion acoustic
wave damp. Dedicated simulations of a collisional plasma
might be useful to understand this final state.

Dark Photon Dark Matter constraints.— Our
numerical results indicate that resonant conversion can
inject up to O(100) times the electron thermal energy,
with typical cases depositing O(1). This piddling amount
of energy deposition essentially removes all resonance
conversion constraints on DPDM. e.g. spectral distortion
bounds require energy deposition of 10�4

⇢� , whereas 100
times the electron thermal energy is only 10�8

⇢� .
Such an energy injection is smaller than the non-

resonant heating studied in [63] for all mA0 and " that is
not already constrained. The non-resonant heating rate
scales as "2⌫e/H, instead of "2!p/H as in Eq. 2 and there-
fore leads to constraints that are weaker than [34] by a
factor of more than 3000 before recombination, as shown
in Fig. 4 as the red shaded region for mA0 & 10�9 eV.

After recombination, the constraints on exotic energy
injection come from measurements that are sensitive to
changes of ionization fraction [29, 41], as well as the tem-
perature of the gas [64]. Unlike what was considered
before in [41], the energy injection from non-resonant
conversion cannot be treated as instant injection, and

the energy injection rate significantly decreases as T�3/2
e

as the temperature of the electron increases. We com-
pute the terminal temperature as a function of " and mA0

and impose that the universe cannot heat up to tempera-
tures at which collisional reionization occurs during dark
ages (⇠ 10 eV for 20 < z < 500), or temperatures that
lead to line broadening of Lyman-↵ forest (⇠ 0.8 eV for
2 < z < 6) in all allowed parameter space (see App. D
for details). The tentative limits from after recombina-
tion are shown as the orange and blue shaded region in
Fig. 4. We leave a careful study of the e↵ects of non-
resonant heating during recombination to future work.

We caution that the above-mentioned instabilities can
also invalidate constraints stemming from resonant con-
version of axion DM and DPDM into electromagnetic
waves around a variety of dilute (magnetized) plasma
near astrophysical bodies [67, 68], or dark stars [69]. We
leave studies involving magnetized plasma to future work.

Conclusion.— In this letter, we show that the reso-
nant conversion from DPDM to plasma excitations shuts
o↵ before a substantial amount of energy can be trans-
ferred to the plasma due to plasma instabilities. Our

5
This is smaller than 1/⌫ei by the ion-electron mass ratio.
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FIG. 4. Updated Dark Photon Dark Matter Limits. The
gray shaded regions are constraints from a variety of astro-
physical and lab searches [35], while the color shaded regions
are the cosmological constraints from early universe consider-
ations (spectral distortion and Ne↵ in red) and late universe
considerations from Dark Ages (orange) and Lyman-↵ forest
(blue). Constraints on dark photons also arise from vector
superradiance with gravitational wave measurements [65, 66].
The previous invalidated constraints are shown as gray dashed
lines [27–29, 34, 41].

analytical and numerical results suggest that these non-
linear e↵ects become important as the energy transferred
approach the initial thermal energy (pressure) in the elec-
tron ion plasma. The excitation of high k Langmuir wave,
and more importantly, ion acoustic wave leads to spatial
variation of the plasma frequency, and termination of res-
onant growth in numerical simulations.
The inability to resonantly transfer a substantial

amount of energy leads to a much weaker constraints on
DPDM. Over ten orders of magnitude in mass between
10�14 to 10�4 eV, the limit on " is weakened by at least
a factor of 3000. This highlights that non linear plasma
e↵ects can play a significant role in our understanding of
the evolution of light DM in the universe.
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Solar cooling
ALLOWED!!!

ϵmD ≤ 1.5 × 10−12 eV
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the e↵ective peak, the extra heat is trapped while compression time and in-
crease amplitude. Above the peak, the extra heating modifies the ionization
fraction and weaken pulsation engine. This is followed by smaller ampli-
tude. This is why peak to peak amplitude has di↵erent sign of deviation
depending on the position.

Figure 1: These plots show the extra heating e↵ect on the Cepheid’s prop-
erties depending on the heating position. For the corresponding position in
Cepheid profile, see Fig.2
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Figure 2: The inner profile of Cepheid right before(left)/ while pulsat-
ing(right) without extra heating. The red curve shows the opacity profile
and the black curve shows the electron number density. The horizontal line
corresponds to ne = 5⇥ 1015cm�3(⇡ 2.64meV).
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and the black curve shows the electron number density. The horizontal line
corresponds to ne = 5⇥ 1015cm�3(⇡ 2.64meV).

2

M = 6M⊙, Y = 0.267, Z = 0.003

The result depends on whether the resonance occurs inside or outside of the valve (opacity peak)

5 × 10−3 eV
5 × 10−3 eV



Summary
Waiting for new physics

• Breaking possible degeneracy in the presence of dark matter effects would be 
important.


• Resonance conversion of dark photon dark matter with  can 
affect PLC relation of Cepheids variable  might affect the standard candle.


• RR Lyrae might be more suitable detectors than Cepheids.


• Dark photon stars (soliton supported by quantum pressure) might provide 
interesting phenomenological signatures.


• Local dark matter density can be different from NFW.

m ∼ 10−3eV
→
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