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• Most precise distance scale ladder relies 
on Cepheids and SNIa. 

• Cepheids calibrated mainly on the basis of 
2 primary anchors: LMC and NGC 4258 
(+ SMC, M31 and MW Cepheids with Gaia 
DR3 parallaxes). 

• SNIa calibrated in host galaxies with 
Cepheids (⇒ with young populations). 

• There are alternatives (J-AGB, RGB, Tully-
Fisher, Surface Brightness Fluctuations), 
but not (yet?) as accurate.

Figure 3

The cosmic distance ladder used by SH0ES to infer H0. The luminosities of nearby Cepheid
variables are calibrated to parallaxes. Supernova luminosities are then calibrated to Cepheid
luminosities at larger distances. The Hubble constant is then inferred from the brightnesses of
more distant supernovae.

metallicity and mass, and so they can be used as a standard candle. Since the TRGB

luminosity is 10 times fainter than long-period Cepheids, it is more limited in distance to

D < 20 Mpc. It has, however, been used in lieu of Cepheid variables to calibrate nearby

Type Ia supernovae.

In practice the location of the tip in the color-magnitude diagram of stars often appears

“fuzzy” due to the presence of AGB stars which have the same color as RGB stars but

are both brighter and fainter, reducing the contrast and blurring the location of the tip;

see Figure 5 for an illustration of the TRGB measurement process. Varying degrees of

contamination of the old, metal-poor halo tip by new star formation or crowding may be

partially mitigated by careful selection of regions to analyze (38) but leave some ambiguity

about the location of the tip which is field dependent. Techniques to measure the tip include
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The H0 tension
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It is important to recognize that standardized SN Ia data can
provide only relative distance measurements between all SNe
measured within the same standardization scheme, with SN
parameters, uncertainties, and covariance with values relevant
within the context of the algorithm used to standardize the SNe.
Therefore, to avoid inconsistencies between SN standardization
schemes or loss of knowledge of measurement covariance, one

would ideally make full use of all relevant SN data
simultaneously to determine absolute quantities. A straightfor-
ward and reliable path is to use the set of absolute distances to
SN hosts (their uncertainties and covariance) derived from only
the first two rungs without the use of any SN data, together
with a consistently standardized set of SNe (in these hosts and
in the Hubble flow), to determine H0 and H(z) simultaneously,
the so-called “forward” direction. Or, one could alternatively
follow an “inverse” approach, starting with CMB data and

using the best-fit ΛCDM model to calibrate the distance–
redshift relation of SNe including the predicted distances of
nearby hosts of SNe Ia and Cepheids (or TRGB).18 Here we
follow the forward approach.

For the set of SN hosts with calibrated distances (using only
the first two rungs of the distance ladder), the dereddened
absolute distance modulus μ0 is given by

m - = ( )m M , 16B B0,host

with terms given in Equation (3). We then have a second set of
SNe with cosmological redshifts z> 0,

The two leading terms on the RHS of Equation (17) can be
replaced with any empirical or cosmological model for H(z),
such as the example of ΛCDM with the dark energy equation-
of-state parameter w and mass density ΩM,
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where

The LHS of Equations (16) and (17) (or 16 and 18) are
measured quantities, either μ0,host or mB, and the free
parameters MB, H0, and q0 (or w and ΩM for Equation (18)
instead of Equation (17)) are determined by simultaneously
optimizing these.
Following this approach, the set of 37 values of μ0,host for 42

SNe Ia given in Table 6 (or 40 values for 46 SNe Ia including
the TRGB data as in Section 6.7) and their covariance matrix,

Figure 15. Extended MCMC sampling of the posterior for H0 to measure out to the ±5σ confidence level. The upper panel shows the probability density for the
baseline from SH0ES and from the Planck Collaboration et al. (2020) chains. The bottom panel shows the log of the probability density to improve the ability to see
the tails. We note some asymmetry to the distribution, with intervals on the low-H0 side a little smaller than that on the high side, as the measurements are Gaussian in
magnitude and in 5 log H0, hence slightly skewed in H0.

= + - - - - + + - + +{ }[ ] [ ] ( ) ( )m cz q z q q j z O z M5 log 1
1
2

1
1
6

1 3 5 log H 25. 17B B0 0 0
2

0
2 3

0

⎧⎨⎩ ⎡⎣ ⎤⎦⎫⎬⎭òº W + ¢ + - W ´ + + ¢ + ¢
+

( ) ( ) ( ) ( )( ( )) ( )
( )

E z z d z w z1 1 exp 3 ln 1 1 . 19m m

z
3

0

ln 1 1 2

18 A variation of the inverse approach is to predict MB and compare that with
local hosts as suggested by Efstathiou (2021), an approach that is equivalent in
principle but the dependence ofMB on the method of SN standardization makes
it less widely applicable.

27

The Astrophysical Journal Letters, 934:L7 (52pp), 2022 July 20 Riess et al.
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• Mounting evidence of tension at > 5σ level between cosmological parameters determined by fitting 
ΛCDM model with Planck CMBR+BAO data (H0 = 67.4 ± 0.5 km s−1 Mpc−1) vs. direct determination with 
cosmological distance scale (H0 = 73.04 ± 1.04 km s−1 Mpc−1, e.g. Riess et al., 2022). 

• SH0ES results appear convincing, but not a settled issue (see e.g. Carnegie-Chicago upcoming results).



XIV Torino Workshop, 05/12/2024 M. Marengo, Florida State University

Miras to the rescue?
• Miras are (on paper) astronomers’ best friends: 

‣ They follow well characterized PL relations (see Wood 
et al., 1991, OGLE papers) 

‣ They are bright (long period Miras are brighter than 
Cepheids) ⇒ can potentially replace Cepheids entirely 

• … until we have to actually use them:  

‣ Their light curves are not very regular 

‣ They come in different chemical flavors (C/O ratio) 

‣ They have a complex evolutionary history (TP-AGB) 

‣ So much dust!
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Testing Mira distances

in the real world

• An HST/JWST program to calibrate Miras P-L 
relation to be competitive for the Cosmological 
Distance Scale (PI Caroline Huang). 

• Preliminary results obtained with HST WFC3/NIR 
data (primarily F160W), based on Miras in the 
LMC and NGC 4258 (anchors, Huang et al. 
2018, 2020), NGC 1559 and M101 (SNIa hosts, 
Huang et al. 2020, 2024). 

• Current result: H0 = 72.37 ± 2.97 km/s/Mpc 
(cfr. e.g. H0 = 73.04 ± 1.04 km/s/Mpc, SH0ES). 

• Challenges to reach ~1% accuracy (~Cepheids): 

‣ Observational challenges (e.g. crowding) 

‣ Intrinsic challenges (complex AGB physics)

we use, NGC 4258 and LMC, 73.35± 1.17 km s−1Mpc−1, which
also agrees well with our findings. Results from TRGB from the
CCHP, EDD, and CATs (Freedman et al. 2019; Anand et al. 2022;
Scolnic et al. 2023, respectively) sit under 1σ from our
measurement.

We can also test the hypothesis that the local measurement of
H0 is greater than the early Universe value. The null hypothesis
states that our measurement does not exceed Planck’s. We then
determine the probability of rejecting that null hypothesis,

 ò ò= ¢ ¢
-¥

+¥

-¥
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where ( )H and  ¢( )H0 are the posterior probabilities of the
Planck measurement (assumed to be Gaussian with mean and
standard deviation from H0,Planck= 67.4± 0.5 km s−1 Mpc−1)
and our measurement, respectively. As a result, we find that
there is a <5% chance that our value is lower than Planck’s
(Planck Collaboration et al. 2020). On the other hand, repeating
this analysis but with a comparison to SH0ES instead, we find
that there is virtually no preference for a higher or lower value.
Overall, this indicates that our result reinforces the current
tension (i.e., that the local value of H0 exceeds the CMB-based

value) with 95% confidence. Greater precision will be
necessary for more definitive results in this fast-evolving field.

7. Summary and Conclusions

We use a combination of recent and archival HST WFC3/IR
F110W and F160W observations to discover and characterize
Miras in the giant spiral galaxy M101, host to SN 2011fe. The
combination of multiple observing campaigns—some origin-
ally obtained to study the late-time light curve of SN 2011fe—
results in a baseline of up to ∼2900 days for regions of the SN
field with the maximum observational overlap. From an initial
sample of ∼3000 candidate variable stars, we create a list of
288 oxygen-rich Mira candidates with derived periods ranging
from 200–500 days. We then use the dependence of zero-point
as a function of period to help determine upper (potential faint
bias due to C-rich Mira contamination) and lower (potential
bright bias due to incompleteness) period bounds of
240–400 days for the final fit. The 211 Miras with periods
within this range are then used to fit a PLR to this galaxy.
Combined with the absolute calibration from the LMC and

NGC 4258 samples obtained in Huang et al. (2018), these
Miras are then used to derive an independent distance
measurement to M101 (the first with Mira variables) of
μM101= 29.10± 0.06 mag, which is in 1σ agreement with the

Figure 11. Literature distance moduli to M101 measured using Cepheid (blue) and TRGB (red). Gray-shaded region and black point show the measurement from this
work (Miras) of μM101 = 29.10 ± 0.06 mag. The weighted mean distance modulus of all of the previously published measurements is μM101 = 29.19 ± 0.01 mag
(black-dashed line) and the weighted mean distance modulus of the measurements published in the past 15 yr for all calibrators is μM101 = 29.15 ± 0.02 mag (blue-
dashed line) and falls within the 1σ of the distance derived here using Miras.

15

The Astrophysical Journal, 963:83 (17pp), 2024 March 10 Huang et al.

Latest SH0ES

This work Huang et al. 2024

M101 distance moduli (from Huang et al. 2024)
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• Miras are cool sources with very red colors: better 
observed with IR telescopes from space. 

• Observing Miras in SNIa host galaxies requires to beat 
crowding (while they are among the brightest stars, a 
crowded field still induce bias). 

• C-rich and O-rich Miras have different PL relations: IR 
wavelengths help separating AGB surface chemistry. 

• IR excess due to circumstellar dust can be characterized 
in suitable MIR bands. 

• JWST/NIRCam MIR observations of M101 testing Mira 
distances accuracy, and refine the Mira distance ladder. 

• How accurate can we potentially get?
HST/WFC3 - F160W
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JWST to the rescue!

JWST/NIRCam - F115W, F150W, F182M
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• Miras are cool sources with very red colors: better 
observed with IR telescopes from space. 

• Observing Miras in SNIa host galaxies requires to beat 
crowding (while they are among the brightest stars, a 
crowded field still induce bias). 

• C-rich and O-rich Miras have different PL relations: IR 
wavelengths help separating AGB surface chemistry. 

• IR excess due to circumstellar dust can be characterized 
in a suitable choice of IR bands. 

• JWST/NIRCam MIR observations of M101 testing Mira 
distances accuracy, and refine the Mira distance ladder. 

• How accurate can we potentially get?



XIV Torino Workshop, 05/12/2024 M. Marengo, Florida State University

MIR PL Relations
• JWST NIRCam F356W & F444W passbands (equivalent to 

WISE W1 & W2 bands and Spitzer/IRAC 3.6 & 4.5 μm bands) 
show well defined and narrow PL sequences. 

• No existing native calibration of PL relation in NIRCam bands: 
however rich dataset exists for LMC/SMC (and MW, but 
caution with Gaia parallaxes) in Spitzer/IRAC and WISE bands. 

• NEOWISE (WISE extension mission) provides light curves for 
LMC/SMC OGLE LPVs (~750 epochs over 12 years). 

• CatWISE provides flux average photometry (from resampled 
coadded images) over entire NEOWISE database: provides 
average magnitudes without the need of fitting light curves. 

• O-rich AGBs, fundamental mode (Miras) and 1st overtone PL 
relations present least amount of scatter. C-rich AGBs show 
largest amount of scatter (both modes).
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• O-rich Miras: Homogeneous set of fundamental mode LPVs (selection based on Bailey diagram). 
• Linear PL for short period Miras (P < 400 days); quadratic fit (NIR, see Yuan et al. 2017) not required. Up 

to ~ 1 mag brighter than Cepheids. In W1 (and W2) bands do not show significant IR excess. 
• Long period Miras (P > 400 days): intermediate-mass AGB stars. Different PL slope and departure from 

linearity. Larger scatter. Up to ~3 mag brighter than Cepheids (in W2 and W2 bands), extending the 
range of PL distances from z ~ 0.02 (SH0ES Cepheids) to z ~ 0.08 (middle of SNIa range). 
Potential for a 2-step (Miras to redshift) cosmological distance scale? (see Caroline Huang work)
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• Shoutout for 1st overtone O-rich AGBs: low scatter linear PL relation (W1 and W2 bands). Seemingly 
unaffected by molecular extinction / dust emission. Low mass stars: more numerous than Miras ⟹ 
higher statistics. Older stellar population (may allow adopting SNIa hosts with older populations). Low 
amplitude: smaller uncertainty when observed with low phase coverage. As bright as Cepheids. 

• Difficult to select: Bailey diagram selects for SRVs: mixed fundamental mode - 1st overtone population. 
Smaller amplitude  ⟹ more difficult to identify as variables.
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Molecular absorption and 
dust infrared excess

• C-rich Miras more affected by molecular absorption (C2H2, 
HCN, CS, CO, C3) and dust infrared excess (in the MIR). 
Tighter PL relations can be obtained by adding color term. 

• O-rich Miras less affected by molecular absorption (NIR); 
only long period Miras have significant dust MIR excess (but 
less than C-rich Miras.

2348 Y. Ita and N. Matsunaga

Figure 2. Period–magnitude relations for OGLE-III Miras in the LMC. The colour of the marks represents the differences in the colour-classified surface
chemistries (Soszyński et al. 2009); black for O-rich stars and red for C-rich stars. The cyan vertical lines show the mean magnitudes of O-rich Miras in
0.05-mag bins and their corresponding standard deviations. The thick solid and thick dashed blue lines are least-squares fits to the mean magnitudes (see text
and Table 3).

C⃝ 2011 The Authors, MNRAS 412, 2345–2352
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Figure 3. Colour–colour diagram of our carbon stars with different symbols
for increasing mass-loss rate. For each star, we show the colour for both
epochs, connected by a line. Stars with the highest mass-loss rates are on the
upper branch, with redder [4.5]−[5.8] colour than the lower branch. Stars
with lower mass-loss rates are on the lower track, indicating depressed flux
at 5.8 µm.

the effect of variable spectral features on the IRAC colours. Rep-
resentative examples are shown in Fig. 4. The spectrum of carbon
stars along the blue branch (e.g. VX And in the top panel) exhibits
a strong C3 absorption feature centred at 5 µm. This feature is not
present in the spectra of stars in the redder branch (e.g. V CrB
and T Ind). Based on Sloan & Price (1998), C3 is assumed to be
developing in the atmospheres of dust-poor carbon stars. This fea-
ture disappears in stars with thicker circumstellar envelopes, either
because it is filled by the continuum dust emission, or because the
molecule making the feature is depleted. As noted in Marengo et al.
(2007), this feature appears to be transient, as some sources observed
with ISO SWS in multiple epochs do not show it in all spectra. This
suggests that the feature variability is related to changes in the C3

abundances in the stellar atmosphere as the star pulsates, rather than
changes in the dust content of the circumstellar envelope (which is
unlikely to show large-scale variations on the short time-scales of
the ISO repeated observations, although such variations are found
on longer time-scales; see e.g. Whitelock et al. 2006).

The spectra of carbon stars present several other molecular fea-
tures in the IRAC passbands (CO, C2H2, HCN, and CS). C2H2 falls
mostly outside the 3.6 µm band, and does not contribute signifi-
cantly to the [3.6]−[4.5] colour of the carbon stars. CO absorption
in the 4.5 µm band more likely contributes to the negative (as low
as ≃ −0.2 mag) [3.6]−[4.5] colour of the carbon stars with low
overall IR excess. All these molecular absorption features are filled
by dust continuum emission for the redder sources, explaining the
general trend of increasing [3.6]−[8.0] colour for stars with larger
circumstellar dust content.

The mid-IR spectra of the O-rich sources (middle panel), intrinsic
S stars and an RSG (bottom panel) are also rich in several molecular
features (including CO, H2O, SiO, CO2, and SO2). Of these, the
features that have the largest effect on the IRAC colours are SiO,
CO2, and CO bands that can severely depress the 4.5 µm flux leading
to blue [3.6]−[4.5] colours (as low as ∼− 0.4 mag) for the sources
with less overall IR excess. Sources with high dust content show the
prominent 10-µm silicate feature in emission. As mentioned before,
this feature is partially captured by the 8.0 µm band, causing the
[3.6]−[8.0] colour to be redder for higher mass-loss rates. There

Figure 4. ISO SWS spectra of representative stars in our sample. Top:
carbon stars; Center: O-rich AGB stars; Bottom: two intrinsic S stars and an
RSG (AA Cyg). The IRAC passbands are plotted below the spectra and the
main photospheric and circumstellar features are indicated (following, e.g.
Aoki, Tsuji & Ohnaka 1999; Noriega-Crespo et al. 2004; Zhang & Jiang
2008).

are no significant differences between the colours of the individual
types of O-rich sources, as evidenced by the fact that M-type AGB
stars, intrinsic S stars and RSGs all trace the same colour sequence.

A number of classification schemes for the chemistry of AGB
stars rely on the combination of IRAC with near-IR colours. Figs 7

MNRAS 447, 3909–3923 (2015)
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unlikely to show large-scale variations on the short time-scales of
the ISO repeated observations, although such variations are found
on longer time-scales; see e.g. Whitelock et al. 2006).
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tures in the IRAC passbands (CO, C2H2, HCN, and CS). C2H2 falls
mostly outside the 3.6 µm band, and does not contribute signifi-
cantly to the [3.6]−[4.5] colour of the carbon stars. CO absorption
in the 4.5 µm band more likely contributes to the negative (as low
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overall IR excess. All these molecular absorption features are filled
by dust continuum emission for the redder sources, explaining the
general trend of increasing [3.6]−[8.0] colour for stars with larger
circumstellar dust content.

The mid-IR spectra of the O-rich sources (middle panel), intrinsic
S stars and an RSG (bottom panel) are also rich in several molecular
features (including CO, H2O, SiO, CO2, and SO2). Of these, the
features that have the largest effect on the IRAC colours are SiO,
CO2, and CO bands that can severely depress the 4.5 µm flux leading
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this feature is partially captured by the 8.0 µm band, causing the
[3.6]−[8.0] colour to be redder for higher mass-loss rates. There
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carbon stars; Center: O-rich AGB stars; Bottom: two intrinsic S stars and an
RSG (AA Cyg). The IRAC passbands are plotted below the spectra and the
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stars, intrinsic S stars and RSGs all trace the same colour sequence.
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Chemical type separation (C/O)

• A number of IR bands sample molecule absorption and dust emission in AGB stars. Discrimination 
more efficient for stars with larger amount of circumstellar dust. 

• NIRCam medium width filters potentially sensitive to molecular band absorption in C and O-rich AGBs.

Figure 1: Composite, phased HST WFC3/IR F160W light curves of Miras at a range of short and
intermediate periods obtained by combining observations of 300 stars from the SN Ia host galaxy
M101. Amplitudes of the individual Miras have not been scaled.
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Figure 2: Left: Hertzsprung-Russell Diagram created using MIST evolutionary tracks (Dotter,
2016; Choi et al., 2016; Paxton et al., 2015). The zero-age main sequence is shown in black,
individual evolutionary tracks in gray, and the thermally-pulsating AGB evolutionary stage in
red. Miras are located at the uppermost region of the thermally-pulsating AGB branch. Right:
Simulated color-color diagram of C- (green) and O- (red) rich AGB stars with metallicities ranging
from [Fe/H] = 0.0 to [Fe/H] = -2. The two tracks show a clean separation using F140M - F150W
and F150W - F277W color. This plot is based on the Padova models (Marigo et al., 2022).
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tections is possible. The primary periods provided in our catalog are not always the
pulsation periods which locate the stars on one of the OSARG sequences a1–a4
or b1–b3 (Soszyński et al. 2007). In many cases the primary periods belong to
sequence D (LSP) or E (eclipsing or ellipsoidal variables).

OSARG variables were divided into two groups: first-ascent red giant branch
stars (RGB) and asymptotic giant branch stars (AGB). Of course, all the stars
brighter than the tip of the RGB (Ks = 12.05 mag) are AGB variables. Below
the tip we used the criterion discovered by Soszyński et al. (2004a). If any of
the period falls on the shortest-period sequence a 4 , the star was categorized as an
AGB variable. The remaining OSARGs are classified as RGB stars, however one
should remember that there might be a subset of AGB stars that have no periods in
sequence a4 among these objects.

The remaining LPVs were classified as Mira stars and SRVs. Most of them
lie on sequence C or C ′ , and very often on both sequences. However, there is no
doubt that another, dimmer PL ridge is located between sequences C and C ′ (see
Section 6). There is also a number of SRVs with the primary periods on sequence D.

Fig. 2. Color–color (left panel) and WI –WJK (right panel) diagrams for Miras and SRVs in the LMC.
Blue points show O-rich, while red points represent C-rich stars.

We divided Miras and SRVs into oxygen-rich (O-rich) and carbon-rich (C-rich)
stars. Soszyński et al. (2005) showed that both classes can be distinguished on the
period vs. WI diagram. However, the additional ridge between sequences C and
C ′ complicates this pattern, so we used another method to discriminate between
O-rich and C-rich stars. Both classes are well separated in the (V − I) vs. (J−K)
color–color diagram (Fig. 2, left panel) and even better distinguished in the WI –
WJK diagram (Fig. 2, right panel). The later plane was used to separate O-rich and
C-rich stars. Note that our classification is based on the photometric measurements
only and should be confirmed spectroscopically. Moreover, there is a region in the
diagrams where both populations overlap, so our classification may be wrong for

Sosziński et al. 2009 Sosziński et al. 2009
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• Period-to-period light curve variations more pronounced in C-rich Miras (O-rich Miras more regular). 
• No NIR universal template: variations can be corrected by rescaling a well sample template (e.g. I-band 

OGLE templates to derive more precise NIR average magnitudes). Needs simultaneous observations.

We compared our color measurements to those of Galactic
C-rich variable stars (Whitelock et al. 2006), as well as the
extinction laws of interstellar dust. With the assumption that O-
and C-rich Miras have the same J−H and H Ks- color
indices, the color excess ratio E J H E H Ks- -( ) ( ) for
C-rich Miras simply equals the slope in the color–color
diagram, which is 0.94±0.01. We transformed the photo-
metric measurements of Whitelock et al. (2006) to 2MASS
JHKs magnitudes with Equations (33)–(36) of Carpenter
(2001) and obtained a similar color excess ratio (0.930 0.003 ),
as shown in Figure 7. This value, however, is very different
from the interstellar extinction laws. For example, Nishiyama
et al. (2009) found E J H E H K 2.09s- - =( ) ( ) toward the
direction of Galactic center; Wang & Jiang (2014) derived a
value of 1.78 using a sample of 5942 K-type giants. This
difference is not surprising given the wide range of sources that
contribute to interstellar dust (see Matsuura et al. 2009, and
references therein).

5. Mira PLRs in the NIR

Miras are not strictly periodic but exhibit chaotic variations
in their light curves. Given the limited time coverage of the
observations, it is not possible to obtain their true mean
magnitudes. As a proxy, we used the median value of all the
maxima and minima in each piecewise template light curve.
For those objects without template light curves, we used the
average magnitude of the three temporal groups. We subtracted
the distance modulus of the LMC (18.493 mag; Pietrzyński
et al. 2013) to obtain their absolute values. The uncertainties of
the JHKs photometric zeropoints are ∼0.02mag and we
caution the readers that these zeropoint errors, together with the
uncertainty in the LMC distance modulus, were not included in
the subsequent analysis.
We fit empirical quadratic relations

M a a P a Plog 2.3 log 2.3 10 1 2
2= + - + -( ) ( ) ( )

Figure 3. Template light curves in IJHKs for Miras OGLE-LMC-LPV-08476 (left) and -53643 (right). The measurements are indicated by black points.

Table 2
JHKs Magnitudes for LMC Miras

OGLE ID Flaga Stb J (mag)
σ

H (mag)
σ

K (mag)
σ Period tref

c

mean max min mean max min mean max min (days)

08476 0 C 14.72 16.00 13.31 0.11 12.79 13.97 11.55 0.12 11.52 12.55 10.50 0.12 324.4 3466.7
08922 0 C 14.17 14.74 13.42 0.03 12.52 13.03 11.87 0.03 11.26 11.69 10.71 0.05 375.2 3566.9
09071 0 C 13.10 13.68 12.26 0.01 11.52 12.02 10.80 0.03 10.37 10.77 9.81 0.06 463.0 3681.0

Note. The first 4 (out of 690 lines) are shown here for guidance regarding its form and content.
a 0, magnitude from regression model; c, outlier in color–color diagram; r, regression outlier; m, missing J−H or H−K measurement; p, phase may be incorrect.
b Mira subtype (O- or C-rich).
c HJD—2450000.

(This table is available in its entirety in machine-readable form.)
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• Are light curve variations a problem in the infrared? 
• Composite light curves of O-rich Miras appear sinusoidal; residual variations from star to star and period-

to-period result in scatter ~ 0.2 mag (HST WFC3 F160W band, see Huang et al. 2024). 
• Effect of light curve variations can be mitigated statistically (larger samples of Miras).

6.2. The Mira Distance to M101

Using Equations (2) and (7), and applying a bootstrap Monte
Carlo fit of the crowding corrections as described in
Section 3.2, we determine the distance modulus to M101 of

m =  ( )29.10 0.06 mag, 13M101

which includes systematic and statistical uncertainties. If we
instead fit for the distance modulus similar to Huang et al.
(2020) by using linear regression, mean crowding corrections,
and 3σ clipping where we remove one outlier at a time, we find
that the distance modulus is μM101= 29.10± 0.06 mag, which
is identical to bootstrapping result. The fit for this result is
shown in Figure 9.

While this is the first Mira distance to this galaxy, there have
been numerous previous distance measurements to M101 using
a variety of other methods and distance indicators. Here, we
focus on comparisons with literature measurements made using
Cepheids and TRGB since these are the intermediate distance
indicators most commonly used in the extragalactic distance
ladder. Table 5 summarizes the literature distances determined
to M101 using these indicators. A comparison of our result and
these literature distances is shown in Figure 11 along with the
weighted (by the uncertainty) mean of all of the TRGB
and Cepheid distance moduli to this galaxy (μM101=
29.19± 0.01 mag) and the weighted mean Cepheid and TRGB
distance modulus when using only measurements from the past
15 yr (μM101= 29.15± 0.02 mag). Our results are within 1σ
from the mean of the recent distance moduli measured for this
galaxy, and in 2σ agreement with nearly all of the recent
measurements. The agreement with literature distance moduli
is even better when taking an unweighted average of the recent
measurements, which gives μM101= 29.13± 0.02 mag.

Since there are no previous Mira distances to the galaxy, in
Table 5 and Figure 11 we have used the final TRGB and
Cepheid distances derived by the authors without attempting
standardization. However, a direct comparison of the TRGB
apparent magnitudes (which can eliminate some potential zero-

point calibration differences) can be found in Beaton et al.
(2019). We also refer the reader to Beaton et al. (2019) for a
detailed review and context of TRGB and Cepheid (Leavitt
law) distances published before 2019. Since Beaton et al.
(2019), there has also been one new Cepheid distance (Riess
et al. 2022) and one new TRGB distance (Scolnic et al. 2023),
which we will briefly discuss here.
Riess et al. (2022) fit a Leavitt law using a total of 259

Cepheids found using observations in two M101 fields (called
Field 1 and Field 2) on opposite sides of the nucleus of the
galaxy. The original observing campaign was carried out in
2006 and each field was visited 12 times with a temporal
spacing of ∼1–5 days between visits. Riess et al. (2022)
concluded that even with the addition of two later epochs of
observation, which were spaced by 1 week, the overall baseline
was insufficient to provide reliable periods for Cepheids with
P> 35 days. Therefore, they excluded M101 Cepheids with
P> 35 days from their analysis, approximately 10% of the
Riess et al. (2016) Cepheid sample for this galaxy. M101 was
also one of the two nearest SN Ia hosts, so the mean Cepheid
period for this galaxy was shorter, at 15.8 days, compared to an
average of 36.5 days across the entire SN Ia calibrator sample.
The Cepheid-calibrated distance to this galaxy that they derive
without the inclusion of any SNe Ia is μM101= 29.178± 0.041
mag and is in relatively good agreement with our results, with
about a 1.2σ difference. The standard process for detecting and
classifying the Cepheids is explained in greater detail in
Hoffmann et al. (2016) and Riess et al. (2022).
The second recent measurement from Scolnic et al. (2023)

uses an unsupervised algorithm called Comparative Ana-
lysis of TRGBs (CATs) to reduce variance in the distances
derived from different TRGB halo fields. They define a
quantity R, known as the contrast ratio, which is the ratio of the
number of stars 0.5 mag below versus above the tip. For M101,
They reported a raw (uncorrected for extinction) I-band TRGB
magnitude of mI,TRGB= 25.080± 0.111 mag and R= 4.4.
Using their Equation (1), this can be standardized to give

= =m 25.072 0.111I
R
,TRGB

4 mag. Their absolute geometric

Figure 10. The composite, phased light curves of Miras at a range of periods in our sample and exhibiting a roughly sinusoidal variation. Mean magnitudes have been
subtracted and individual observations converted to their fit phase, but amplitudes of the stacked Miras have not been scaled.
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MIR light curve 
variations (O-rich Miras)

• In the MIR (W1 and W2 bands) the light curve 
variations are comparable to NIR 

• Light curve are sinusoidal, with amplitude ~0.5 mag 

• Period-to-period variations ⟹ scatter ≲0.2 mag. 

• Scatter can be somewhat reduced by fitting new 
period (best fit period of IR data within 2 - 3 days of 
OGLE P1 period.
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Evolutionary effects: TP and PL relation

• As an AGB stars goes through a number of TP, different modes and periods will be excited. 

• A low-mass AGB will settle on Mira-like pulsations (fundamental mode) after a number of TP (see 
Trabucchi et al. 2019). How will this process affect the PL relation?
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Effects of TP on PL

• The changes in L, Teff (and R) due to the occurrence in 
thermal pulses may affect both log P and log L for a TP-
AGB star with a given mass M. 

• In general the pulsation period is a function (in log space) of 
M and R ⟹ log g, as well as the atmosphere composition 
(Z, C/O, etc, see e.g. Trabucchi et al. 2019). 

• Simultaneous change of log L and log g ⟹ change in both 
log P and Mbol ⟹ potential source of scatter in PL relation.

1.5 M⊙ (Z = 0.0138)
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• Log P estimated with simplified linear relation from Prager et al. 2022 (for illustrative purposes only). 

• Maximum scatter in PL relation ~ 0.3 mag (in Mbol), for log P > 2.4, but only for a short part of the overall 
TP. Variation negligible in the interpulse phase. 

• It remains to be verified the magnitude of the effect in the observable plane (especially IR bands).

1.5 M⊙ (Z = 0.0138)
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Summary
• LPVs are an important tool to check for systematics in the traditional Cepheids+SNIa cosmological 

distance scale. 

• Among LPVs, O-rich short-period Miras currently provide the best alternative to Cepheids (but O-rich 
1st overtone variables are an interesting possibility, if they can be properly identified and characterized). 

• Long period O-rich Miras (if they can be “domesticated”) are bright enough to directly connect to the 
Hubble flow, skipping SNIa. 

• IR wavelengths minimize cycle-to-cycle variations and can be fitted with low amplitude sinusoidal light 
curves. Residual scatter can be reduced with enough statistics. 

• Importance to have clean samples (e.g. separate pulsation modes and chemical signatures). 
Evolutionary effects (e.g. TP) do not appear to be insurmountable issues (more work needed). 

• Program to develop a precision Mira distance scale with JWST/NIRCam. Current effort (HST/WFC3 IR) 
provides H0 within 4%; JWST data analysis in progress.


