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Abstract

Mass measurements and absorption-line studies indicate that the stellar initial mass function (IMF) is bottom-heavy
in the central regions of many early-type galaxies, with an excess of low-mass stars compared to the IMF of the
Milky Way. Here we test this hypothesis using a method that is independent of previous techniques. Low-mass
stars have strong chromospheric activity characterized by nonthermal emission at short wavelengths.
Approximately half of the UV flux of M dwarfs is contained in the A1215.7 Ly« line, and we show that the
total Ly emission of an early-type galaxy is a sensitive probe of the IMF with a factor of ~2 flux variation in
response to plausible variations in the number of low-mass stars. We use the Cosmic Origins Spectrograph on the
Hubble Space Telescope to measure the Ly« line in the centers of the massive early-type galaxies NGC 1407 and
NGC 2695. We detect Lya emission in both galaxies and demonstrate that it originates in stars. We find that the
Lya to i-band flux ratio is a factor of 2.0 £ 0.4 higher in NGC 1407 than in NGC 2695, in agreement with the
difference in their IMFs as previously determined from gravity-sensitive optical absorption lines. Although a larger
sample of galaxies is required for definitive answers, these initial results support the hypothesis that the IMF is not
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1. Introduction

The question whether the stellar initial mass function (IMF)
is universal or varies with galactic environment is of
fundamental importance for many areas of astrophysics. Limits
on, or evidence of, IMF variation inform models for star
formation (Krumholz 2011; Hopkins 2012) and would lead to
new, more accurate calibrations of the masses and star
formation rates of galaxies (see, e.g., Chrusliniska et al.
2020). This question is not yet settled, despite many years of
efforts and an ever-increasing wealth of observations of star
clusters in the Milky Way and of external galaxies (see Bastian
et al. 2010, for a review). To this day, almost all studies of
galaxy formation and evolution assume that the IMF through-
out the universe is universal, from the highest redshifts to the
present epoch, from the lowest to highest metallicities, and
from the most intense starbursts to the lowest levels of star
formation. This universal form is taken to be the Kroupa (2001)
or Chabrier (2003) form, which has a power-law slope at high
masses and a turnover at low masses. This IMF is a good fit to
star clusters in the Milky Way.

Perhaps the most persistent claims for a varying IMF have
come from studies of the central regions of the most massive
galaxies in the universe. As discussed in the recent review by
Smith (2020), the evidence for a bottom-heavy stellar mass
function in those environments has come from two independent
directions. First, there seems to be more mass than can be
accounted for by the combination of the expected amount of
dark matter plus a stellar population with a Milky Way-like
IMF. This mass discrepancy has been identified using both
dynamics (Cappellari et al. 2012) and strong lensing (Treu et al.
2010). Second, detailed spectroscopic studies have claimed to
see evidence for subtle gravity-sensitive absorption features
indicative of the presence of large numbers of M dwarfs (e.g.,

van Dokkum & Conroy 2010; Conroy & van Dokkum 2012b;
Spiniello et al. 2012; La Barbera et al. 2013; Lyubenova et al.
2016). This M-dwarf enhancement seems to be restricted to the
centers of the galaxies (Martin-Navarro et al. 2015; La Barbera
et al. 2016; Davis & McDermid 2017; van Dokkum et al. 2017).

These results are controversial. The interpretation of the
masses requires assumptions about the orbital structure of the
galaxies and the dark matter distribution, and the interpretation
of the spectra requires exquisite modeling of the abundance
patterns and a host of other parameters. Furthermore, although
the interpretation of IMF variation has survived some key tests
(e.g., a differential comparison to globular clusters; van
Dokkum et al. 2011), it has struggled in others. Smith (2014)
showed that there is no correlation between the mass excess
from dynamics and the M-dwarf excess derived from
spectroscopy for individual galaxies. It was later demonstrated
that this can largely be explained by aperture -effects
(Lyubenova et al. 2016; van Dokkum et al. 2017), but even
when these are accounted for, the scatter between the two
techniques is larger than the formal uncertainties. Smith et al.
(2015) and Newman et al. (2017) analyze several nearby strong
lenses with very small projected Einstein radii. They find that
the three mass constraints (lensing, dynamics, and absorption-
line spectroscopy) are inconsistent at the 1o—20 level, unless
the low-mass cutoff of the IMF is adjusted. A different issue
has arisen in studies of distant galaxies. In marked contrast to
measurements in the nearby universe, the kinematics of
massive galaxies at z~2 appear to rule out bottom-heavy
IMFs, as then the total stellar masses of the galaxies would
exceed their dynamical masses (van de Sande et al. 2013;
Esdaile et al. 2021). However, this apparent discrepancy may
reflect systematic errors in the dynamical masses of the
galaxies, caused by structural evolution from disk-like at z ~ 2
to dynamically hot systems at z =0 (see van der Wel et al. 2011;
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magnetogram

Figure 1. The Sun in the light of the Ly« line, as observed with the Multi-
Spectral Solar Telescope Array on 1991 May 13 (Allen et al. 1997). The inset
shows the solar magnetogram on the same date. The Lya emission is
dominated by the chromospheric network and plages.

Toft et al. 2017; Bezanson et al. 2018; Newman et al. 2018;
Mendel et al. 2020). Future studies of the spatially resol-
ved kinematics of massive early-type galaxies at z~2 with
the James Webb Space Telescope will shed more light on this
issue.

A way to break the impasse is to use new information that is
independent from the methods that have been employed over
the past decade. The ideal method detects light directly from
low-mass stars, is not strongly correlated with other parameters
such as metallicity, and has sufficient sensitivity to IMF
variations to distinguish Milky Way-like IMFs from Salpeter-
like (Salpeter 1955) IMFs. A method that satisfies all these
requirements is to measure the mean stellar activity level in
galaxies. Stellar activity is a broad term used to indicate
behavior that deviates from steady-state balance of the transfer
of radiative and convective energy from the stellar interior into
its atmosphere (e.g., Linsky 2017). Activity can refer to flaring
behavior or the heating of chromospheres in the outer
atmospheres of stars. It is observed to be confined to cool
stars with convective envelopes and is believed to be in some
way connected to the presence of magnetic fields (see
Hall 2008, for a review). Chromospheric activity is particularly
high in M dwarfs, which can have flares that are 10* times more
Iuminous than those on Sun-like stars (Joy & Abt 1974; Osten
et al. 2016). The activity is known to decrease with rotation
period, and therefore likely with age (Skumanich 1972;
Pallavicini et al. 1981; Giampapa & Liebert 1986; Astudillo-
Defru et al. 2017; Kiman et al. 2021); however, even the most
slowly rotating M dwarfs have substantial activity (Reiners &
Basri 2007; France et al. 2020; Diamond-Lowe et al. 2021).

Recently the chromospheric activity of low-mass stars has
received significant attention in the context of the habitability
of planets orbiting M dwarfs (e.g., Segura et al. 2010; Shkolnik
& Barman 2014; Shields et al. 2016; Loyd et al. 2018), but it
can also be used as a fingerprint to identify and count such stars
in distant galaxies. The activity is manifested in far-UV (FUV)
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Figure 2. Comparison of spectra of the Sun and the M dwarf Gliese 832, in
units of the solar i-band luminosity and smoothed to the same spectral
resolution. This comparison illustrates the fact that the average Lyca/i band
ratio is much higher in M dwarfs than in Sun-like stars.

continuum emission and a large number of emission lines
(Vernazza et al. 1981; Linsky et al. 2012). Some of these lines
are in the optical, in particular Ha, CallH + K, and the Call
triplet, but the majority lie in the ultraviolet. The dominant line
is Lya at A=1215.7 A, which traces both the chromospheric
network and plages (see Figure 1). As shown in France et al.
(2013), this single line composes approximately half of the
total flux of M dwarfs in the wavelength range 1150-3100 A.

The IMF test that we propose is to measure the strength of
Ly o emission in the cores of early-type galaxies, normalized by
the overall galaxy flux (measured at a wavelength where the
light is dominated by stars around the turnoff mass, such as the i
band), and determine whether this Ly «/i ratio correlates with
the excess of low-mass stars as independently derived from
optical absorption-line spectroscopy. This ratio (which has the
units of an equivalent width) is much more sensitive to
variations in the number of low-mass stars than the equivalent
widths of optical lines. We illustrate this point in Figure 2, which
shows a comparison between the spectrum of the M2 dwarf
Gliese 832 and that of the Sun. The Gliese 832 spectrum was
obtained from the MUSCLES database’ (France et al. 2016;
Loyd et al. 2016; Youngblood et al. 2016). The solar spectrum
is the irradiance reference spectrum from the 2008 Whole
Heliosphere Interval campaign® (Chamberlin et al. 2008;
Woods et al. 2009). The spectra were smoothed to a common
resolution of o =300 kms~'. The bolometric luminosity of
Gliese 832 is a factor of ~ 30 lower than that of the Sun, but its
Ly o luminosity differs by only a factor of ~ 2.

In this paper we put this idea in practice. In Section 2 we
generate model predictions for the Ly /i ratio Wy, , using
stellar population synthesis techniques. This is facilitated by
recent work on stellar activity in the context of the habitability
of exoplanets. We then describe in Section 3 new Hubble
Space Telescope (HST) Cosmic Origin Spectrograph (COS)
observations of two early-type galaxies. The two galaxies,
NGC 1407 and NGC 2695, have very similar ages and

3 The database was accessed through https://archive.stsci.edu/prepds/

muscles/. Version 2.2 was used, with Ly « reconstructed to correct for ISM
absorption.

* Version 2, obtained from https:/ /lasp.colorado.edu//lisird /data/whi_ref_
spectra.
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Figure 3. Observations of Ly a emission from dwarfs (left panel, plotted as integrated luminosity) and giants (right panel, plotted as surface flux). In the left panel,
stars are color-coded by whether they are younger or older than 6 Gyr. Dwarf data are from the compilation in Linsky et al. (2020). The Sun is shown as a blue open
circle. The solid lines indicate our adopted model relations for the dwarf and giant sequences. For the latter, the solid line extends over a temperature range relevant for
the giant branch of an old solar-metallicity stellar population. In the right panel, data from Wood et al. (2005) are shown as open symbols, while the cool giant data

from Wood et al. (2016) are shown as filled symbols.

abundance patterns but a different IMF according to optical
absorption-line spectroscopy (see van Dokkum et al. 2017).
The measurement of Wy, , in the two galaxies is presented in
Section 4. In Section 5 the two data points are compared to the
model predictions of Section 2. We end with a concluding
section (Section 6).

2. Modeling the Expected Ly o Emission
2.1. Model Ingredients

We compute model stellar populations via the standard
stellar population synthesis technique:

Lssp = [¢(m) 1mydm, M

where ¢(m) is the IMF, [(m) is the stellar luminosity (e.g.,
monochromatic or bolometric) as a function of stellar mass, and
Lsgp is the resulting integrated luminosity for a simple stellar
population (SSP). The luminosity—mass relation, I(m), is
usually determined by stellar evolution models (isochrones).
The above equation is implicitly a function of age and
metallicity because the luminosity—mass relation depends on
age and metallicity.

In this work we use MIST isochrones, which cover a wide
range in age and metallicity and have been extensively
calibrated to observations (Choi et al. 2016). We also employ
bolometric corrections provided as part of the MIST database
in order to determine fluxes in various passbands. We consider
both the Kroupa (2001) IMF as the reference “Milky Way”
IMF and power-law IMFs with index v, where v = 2.35 is the
canonical Salpeter IMF. The IMF parameter aqyg is defined as
the mass-to-light ratio for a given IMF divided by the mass-to-
light ratio appropriate for a Kroupa IMF. For reference, the
Salpeter IMF has apye = 1.5. Here we follow Conroy & van
Dokkum (2012a) in the treatment of the IMF and computation
of the total stellar masses. In particular, we fix the IMF slope
above 1 M, to the Salpeter value, as those stars are no longer

shining in the old stellar systems of interest to us. We also add
stellar remnants (white dwarfs, neutron stars, and black holes)
into the total mass budget following Conroy et al. (2009).

In order to build a stellar population model of Ly «, we have
adopted an empirical approach, owing to the lack of a solid
theoretical foundation for the behavior of stellar activity and
chromospheric emission in stars.

For dwarf stars we use the compilation from Linsky et al.
(2020). These authors tabulate stellar parameters, ages, and Ly «
fluxes for 79 stars. The resulting relation between Ly «
luminosity and T, is shown in the left panel of Figure 3. The
solar data are from Woods et al. (2000). It is well known that
there is a relation between stellar activity and age such that as
stars age their activity decreases. As we are interested in
modeling old stellar populations, we focus on the subset of dwarf
stars with ages > 6 Gyr in order to define the resulting Ly a—T
relation. The solid line in Figure 3 shows the final model for
dwarfs, which is defined as log Lya = 23.48 + 0.00117. for
To;r < 4470 K and log Lya = 28.4 for T, > 4470 K.

Data for giants were collected from two sources. Wood et al.
(2005) measured Ly « surface fluxes for individual stars and also
measured relations between Ly o and Mg 1I fluxes. Wood et al.
(2016) provided only Mg 1l fluxes, which we then converted to
Ly « fluxes based on the Wood et al. (2005) relation. These data
are shown in the right panel of Figure 3. The solid line is the
result of combining the MgI-Ts relation from Wood et al.
(2016) with the Ly a—Mg I relation from Wood et al. (2005),
resulting in log Fiy. = 9.29 log Ty — 29.08 erg s em 2
The solid line spans the temperature range from the base to the tip
of the red giant branch for an old solar-metallicity population.
The warmer G-type giants are not found in old stellar populations
and so are excluded from the model.

The reader will notice different units for the Ly o data used
in the dwarf and giant samples—Iluminosities versus surface
fluxes. Ideally the latter would be used throughout, as it is
likely more fundamental. For example, holding all other
parameters fixed, a larger star should have a larger Ly«
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Figure 4. Left panel: model Ly « (black) and i-band (red) luminosities for a 10 Gyr solar-metallicity isochrone as a function of surface gravity (log g). Notice that the
giant-to-dwarf luminosity ratio is much larger in the i-band luminosity than in Ly «. Right panel: fractional contribution to the total integrated Ly « and i-band
luminosity as a function of stellar mass, assuming a Kroupa IMF. As is well known, low-mass stars (e.g., < 0.4 M) contribute only a few percent to the total i-band
flux. Remarkably, such stars contribute =~ 30% of the total integrated Ly o emission.

luminosity. Indeed, for the giants, the modeling of the Ly «
luminosity is computed in exactly this way: at a given location
along the isochrone we are provided the stellar temperature and
radius; the temperature is used to define the surface flux, and
the radius is employed to compute the integrated luminosity.

For the dwarfs we take a slightly different approach owing in
part to the well-known fact that stellar models predict M-dwarf
radii that are ~ 5% smaller than observations (see Choi et al.
2016, for the comparison with MIST isochrones). We adopt the
dwarf luminosities (rather than surface fluxes) as fundamental
and assume that the sample of dwarfs used to create the relation
in Figure 3 is based on solar-metallicity stars (a good
assumption since the stars are all very near to the Sun). In
order to compute models at different metallicities, where the
stellar radii will be different at fixed temperature, we scale the
empirical relation by the ratio of nonsolar to solar-metallicity
squared radii. In short, we are assuming that the models predict
the correct relative change in stellar radii as a function of
metallicity.

In this work we assume that the relations adopted in Figure 3
are independent of age and metallicity (modulo the scaling for
the dwarfs just described). For the giants, the activity is
believed to be sourced by the convective motions of the
envelope with no expected dependence on age. As we have
discussed above, the activity of dwarfs is strongly age
dependent, though we have argued that the data favor a stable
relation for ages >6 Gyr. There are no data to test the
metallicity dependence of these relations, and so we have little
option but to assume no dependence in the model. Future
observations over a wider range of ages and metallicities would
be valuable.

We have now assembled the ingredients necessary to
construct a stellar population model for Ly .. The relations
shown in Figure 3, along with stellar isochrones, allow for the
construction of an Ly v luminosity—mass relation, which, along
with Equation (1) and an assumed IMF, provides an integrated
Ly a luminosity for a particular stellar population. In later
sections we will also make use of the integrated i-band
luminosity. This is computed via Equation (1) with the

luminosity—mass relation tabulated directly in the MIST
isochrones.

2.2. Expected IMF Dependence of W]fy o the Ly o/i-band Flux
Ratio

With the stellar population model ingredients in place, we
can now explore the predicted behavior of Ly « as a function of
age, metallicity, and the IMF.

To build intuition, we begin with Figure 4. In the left panel
we show the predicted model Ly « and i-band luminosities (L;)
as a function of log g for a 10 Gyr solar-metallicity population
with a Kroupa IMF. The lines show only the main-sequence
and first-ascent giants for clarity. The small bump at log ¢ ~ 4
for the Ly o predictions is a consequence of our adopted
surface flux—T.¢ relation for the giants and is of no practical
consequence for the model predictions. The right panel shows
the cumulative luminosity contribution as a function of stellar
mass. The behavior for L; is well known—giants are much more
luminous than dwarfs, and G and K dwarfs are in turn much
more luminous than M dwarfs. These facts imply that the low-
mass stars, e.g., <0.4 M, compose only a few percent of the
integrated light. It is this fact that has made IMF measurements
based on integrated-light optical-near-IR spectroscopy so
challenging (see, e.g., Conroy & van Dokkum 2012a, 2012b).

The behavior of the Ly a model is dramatically different.
The left panel of Figure 4 shows that the ratio of Ly « for the
lowest and highest log g stars is approximately 100x smaller
than for L;. This implies that the low-mass stars contribute a
much larger fraction of the total model Ly o luminosity, as
shown in the right panel. For a Kroupa IMF, stars with
<0.4 M., contribute 30% of the integrated Ly o luminosity.
Photospheric emission at any wavelength provides nowhere
near this level of sensitivity to low-mass stars. This result
quantitatively demonstrates the unique sensitivity of stellar
activity indicators as a probe of the low-mass population in
integrated stellar populations.

The overall predicted flux level from a model population
depends on both the intrinsic stellar population parameters,
such as age, metallicity, and IMF, and the overall number of
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Figure 5. Left panel: stellar population model predicted ratio of the Ly « to i-band luminosity ratio Wﬁy « as a function of the IMF parameter, apg, where apvr = 1
represents a Kroupa (2001) IMF. Results are shown for two ages (10 and 14 Gyr) and two metallicities ((Z/H] = 0.00 and 0.25). Right panel: same as the left panel,
now showing variations in the underlying stellar population model with respect to a 14 Gyr, [Z/H] = 0.25 model. The base model is for the quiescent state and does
not take flares into account. Dotted—dashed and dotted lines in the right panel show the effect of increasing by 0.2 dex (60%) the overall Ly « luminosity of dwarfs and
giants, respectively. The model predictions are much more sensitive to the details of the dwarf model than the giant model.

stars (i.e., the total stellar mass). In cases where we are
primarily interested in the former quantities, it is common to
construct ratios of luminosities (e.g., colors) in order to remove
the effect of the overall number of stars. Here we proceed in a
similar fashion and consider Wj ,, the ratio of Ly o luminosity
to the i-band luminosity. As the latter is a luminosity density,
the unit of this ratio is similar to an equivalent width, with units
of Hz. A

Figure 5 shows the predicted Wy, , ratio for model stellar
populations as a function of the IMF parameter aqyg. The IMF
is assumed to be a single power law with index -~y in the range
1.2—3.3. In the left panel, results are shown for two ages (10
and 14 Gyr) and two metallicities ((Z/H] = 0.0 and 0.25)—
parameters relevant for massive quiescent galaxies. As
expected, higher values of oy result in larger values of the
ratio. At fixed IMF, higher metallicities result in a larger ratio.

A complication is the effect of flares, which we have not
included in our model. Flares empirically follow a power-law
relation between their occurrence rate and energy such that
more energetic flares are less common (rate < E~ %). Loyd et al.
(2018) find that for FUV flares the power-law index is less than
1 for inactive M dwarfs (« ~0.74), which implies that the
rarer, more energetic flares could dominate the total energy
output of a population. As an example, Diamond-Lowe et al.
(2021) find in their FUV observations of LHS 3844 a single
flare with energy 10x the quiescent level and an occurrence
rate of ~2%. If these flare properties were uniformly applied to
our Ly adwarf model, it would result in an increase in the Ly «
fluxes of 0.07 dex. We can use the frequency distribution from
Loyd et al. to scale the result for LHS 3844 to higher energies:
a flare 100x more energetic than the quiescent state would
occur with a rate of 0.3%, and if applied uniformly to all stars,
it would enhance the model Ly o fluxes by 0.12 dex. We note
that the Ly « line is optically thick and may not respond to
flares in the same way as the FUV emission studied by Loyd
et al. (2018). In the case of the Sun, there is evidence that the
Ly a increase during flares is smaller than that of the
continuum and of optically thin lines (Milligan et al. 2020;

Chamberlin et al. 2020). While direct Ly o measurements of
low-mass stars during flares are needed to better quantify the
flare contribution, the basic point here is that a reasonable range
of flare rates and energies could result in an enhancement in the
dwarf model in the range of 0.1-0.2 dex, with 0.2 dex probably
the maximum contribution.

In the right panel we show the sensitivity of the model
predictions to flares. The variations are with respect to a
reference model of 14 Gyr and [Z/H] = 0.25. We increase by
0.2 dex the Ly a—T relations shown in Figure 3, separately
for dwarfs and giants. Unsurprisingly in light of Figure 4, the
model predictions are quite insensitive to the details of the giant
model. In contrast, the model is sensitive to the dwarf model, as
expected.

3. FUV Spectra of NGC 1407 and NGC 2695
3.1. HST/COS Program

5 Truth be told, we were actually hoping to detect other FUV lines, such as

Sill and C1vV. We had estimated the expected fluxes of these lines using a
(probably erroneous) tentative detection of Ca H + K emission in NGC 1407
and concluded that they could be detected at ~ 5¢ significance if that galaxy
indeed has a bottom-heavy IMF. In fact, the only line that gives any hope of a
detection is Ly «, but we had not yet done the modeling of Section 2 when we
wrote the HST proposal. We acknowledged in the proposal that we really did
not know what to expect and warned the TAC that a likely outcome would be
that no lines would be detected for either galaxy. We are grateful to the TAC
for taking a chance on our proposal.
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Figure 7. Small sections of the 2D spectra of NGC 1407 and NGC 2695 in the
Ly « region. The pixel size is 0.12 A in the wavelength direction and 0711 in
the spatial direction. Prominent features are marked, with geocoronal Ly « in
green, Galactic lines in blue, and redshifted lines of the target galaxies in
yellow. Horizontal dotted lines indicate the size of the 2”5 PSA. Solid lines
indicate the (larger) extraction region, which contains 98% of the PSF-
convolved flux through the PSA. The wavelength calibration lamp spectrum is
also indicated.

7 Both galaxies and the offset star for NGC 1407 were observed with

MIRRORA. However, the offset star for NGC 2695 was observed with
MIRRORSB, as it is very bright (mnyy = 17.2). MIRRORB produces a strongly
distorted PSF.
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Figure 9. Synthetic stellar templates with Z = Z, logg = 4.5, and 10, 000 E‘ i
K < Tt < 35,000 K that are used to model the continuum emission from hot o 0.2
horizontal branch stars in the Ly « region. The Ly « absorption is a strong i i
function of temperature and affects a large spectral range from ~1185 to | NGC 2695 1
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Figure 10. Continuum fit in the Ly « region, using linear combinations of the
templates shown in Figure 9. Gray regions are masked in the fit. The Ly «
emission from the galaxies is modeled with an ad hoc prescription (see text).
The solid red line is the best-fitting model, and the dotted lines show the model
without the Ly v emission component.

10


holtz
Highlight


THE ASTROPHYSICAL JOURNAL, 923:43 (16pp), 2021 December 10 van Dokkum & Conroy

F, [x10-'5ergs s-'cm-24-']

F, [x10-'5ergss~' cm-2}-']



holtz
Highlight


THE ASTROPHYSICAL JOURNAL, 923:43 (16pp), 2021 December 10

NGC 1407 ) NGC 1407

van Dokkum & Conroy
) NGC 2695

1.2

0.8

0.6

0.4

normalized flux

0.2

-500 0
Av [kms™']

500

Ay [arcsec]

1.2

-500 0 500
Av [kms™']

Ay [arcsec]

Figure 12. Comparison of the morphology and kinematics of the Ly o emission (red) to that of the stars (black). The first and third panels compare the distribution of
Ly « along the spatial axis to that of the stellar continuum. For reference, the dashed line shows the spatial line-spread function of the COS FUV channel. The second
and fourth panels compare the inverse of the Ly « velocity profile to the average absorption profile of four stellar lines. For both galaxies the Ly a emission traces both

the spatial distribution and the kinematics of the stars.

Table 1
Measurements
anvr (abs)* F(Ly a) m' Wiy o avr (Ly @)°
(107" erg s~ cm™?) (mag) (10'"Hz)
NGC 1407 2.89%921 221 +0.47 14.05 4+ 0.06 25405 41+1.1
NGC 2695 1.947033 151 £0.11 13.69 =+ 0.06 125 +£0.12 1.5+£02
Notes.

4 IMF parameter derived based on stellar population modeling of absorption-line spectra (van Dokkum et al. 2017).

° IMF parameter derived based on W]iy «» using the “base + 0.2 dex” model.
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5. Comparison of Observations to Expectations
5.1. Ly o as a Measure of the IMF

The primary empirical result of this paper is that the
normalized Ly a flux of NGC 1407 is higher than that of
NGC 2695. This result is in the correct predicted sense given
that our previous optical absorption-line analysis produced a
steeper IMF for NGC 1407 compared to NGC 2695. These
entirely independent methods both point to an excess of low-
mass stars in NGC 1407 compared to NGC 2695. The ratio of
the two values of Wy, is 2.0 & 0.4, and the difference between
them is significant at the 99% level. The fact that these two
galaxies have nearly identical stellar populations (at least
within the observed aperture) disfavors any explanation for
these observations that appeals to age or abundance differences.
This study constitutes a classical hypothesis test; we are not
attempting to find an explanation for an observation (in this
case, a difference in Ly o fluxes between two galaxies), but
rather are testing a prediction based on earlier work.
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Figure 13. Comparison of the measured Ly « to i-band luminosity ratio WI’;y o
for NGC 1407 and NGC 2695 to the model predictions of Section 2. The base
model is for the quiescent state of all stars and is shown with a solid line. The
dashed line accounts for the (likely maximum) effects of flares; here flares
account for 37% of the time-averaged Ly o flux. The ayyp parameter is the
mass excess compared to the IMF of the Milky Way, with apnr=1
representing a Kroupa (2001) IMF. The data fall in the same numerical range as
the models, indicating that the COS observations are indeed measuring stellar
activity and are consistent with the dashed line.

Somewhat to our surprise, the measured flux ratios are also
in good quantitative agreement with expectations. In Figure 13
we compare the observed values of Wi , to the predictions of
Section 2. For NGC 2695 we use the same value for agpyp as
given in van Dokkum et al. (2017), ape = 1.93%073, as that
was for an aperture that is nearly identical to that used in the
COS observations (+ 172 along the slit, compared to the 2”5-
diameter PSA). For NGC 1407 the value in van Dokkum et al.
(2017; apr=3.29) corresponds to the central +0”35.
Instead, we use apg = 2.89f8:%é, which is the measurement
within +1”2. This difference likely partially reflects true radial
variation in the galaxy (see Conroy et al. 2017), but it is also
indicative of scatter between measurements that often exceeds
expectations from the formal errors.

The data points are in the same numerical range as the model
predictions, of a few x 10'® Hz. That alone is remarkable: the
models are based on a sparse set of Ly « observations of slowly
rotating dwarfs and giants in the Milky Way, and the data are
integrated-light observations in the centers of massive early-
type galaxies. This is further evidence that the Ly o emission in
NGC 1407 and NGC 2695 is indeed dominated by chromo-
spheric activity on the surfaces of stars rather than, for
example, recombination of ionized gas. Moreover, the data are
consistent with a reasonable model, namely, a “base + 0.2 dex”
model (see Section 2). The base model is for stars in the
quiescent state. As discussed in Section 2, flares contribute
significantly to the time- and population-averaged Ly o flux,
with a glausible enhancement of 0.1-0.2 dex over the base
model.'” The formal best fit to the two galaxies is for a 0.15 dex

19 We note that 0.2 dex is likely near the upper limit of the plausible effect of
flares (see Section 2.2).
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Figure 14. Comparison of the derived IMF parameter from Ly « to that
derived from optical absorption lines. Here Wﬁy « Was converted to apvg using
the “base + 0.2 dex”” model that includes the effects of flares (the dashed line in
Figure 13). For both axes the error bars represent measurement uncertainties
only and do not include systematic uncertainties in the stellar population
synthesis modeling. A Kroupa (2001) IMF has apg = 1, and a Salpeter (1955)
IMF has apyg = 1.5.

enhancement, i.e., flares contributing about 30% of the total
flux. The “base + 0.2 dex” model is also consistent with the
data, with a probability of measuring the observed x* of 11%.
We note that the actual agreement is better, as model
uncertainties and errors in apr are not accounted for in the
X analysis (see Section 5.2).

Having established that the “base 4 0.2 dex” model is a
reasonable description of the data, we can present the results in
a different way. The values of the IMF parameter that are
implied by the observed Wy, , ratio and the dashed line in
Figure 13 are qu]:=4.1 + 1.1 for NGC 1407 and OIMF =
1.5 £ 0.2 for NGC 2695. In Figure 14 the two measurements of
apvr, from Ly o emission and from gravity-sensitive absorp-
tion lines, are compared. The values are consistent at the
lo — 20 level. This is no surprise, as this plot is an alternative
way to represent the information of Figure 13; the difference is
that in Figure 14 we are not treating the Ly o measurement as
the dependent variable.

5.2. Caveats and Limitations

The error bars do not include model uncertainties or
systematic errors; they reflect observational errors only. There
are several areas where the analysis can be improved. The model
predictions are based on a small number of Milky Way dwarfs
with poor sampling in the relevant age-temperature—metallicity
space, and a larger number of old (~10 Gyr) stars would be very
helpful. Furthermore, the question of how much flares contribute
to the time- and population-averaged Ly o flux is uncertain,
especially for old ages. Thankfully, there is considerable interest
in understanding the flare rates in M dwarfs motivated by
understanding the habitability of associated exoplanets (e.g.,
Segura et al. 2010; Shkolnik & Barman 2014; Shields et al.
2016; Loyd et al. 2018; Medina et al. 2020).
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We have only considered chromospheric emission as a
source of Ly o emission in old stellar systems. Any other
emission source confined to evolved stars would result in an
additive constant to our model predictions. For example,
planetary nebulae (PNe) display strong emission lines, and they
could be an additional source of Ly o flux. We use the PN
specific frequency from Buzzoni et al. (2006) for elliptical
galaxies and the universal [O 1] luminosity function from
Ciardullo (2010) to estimate a total [O III] luminosity per unit i-
band flux of 7 x 10® Hz. The ratio of Ly « to [O IIT] luminosity
for PNe is empirically unconstrained, so we estimate this value
using the Cloudy photoionization code (Ferland et al. 1998)
and the “pn_paris_fast” PN model. The predicted Ly a-to-
[Omm] ratio is ~3, although we note that this depends
sensitively on the assumed physical parameters of the source.
This fiducial PN model predicts Wi, , = 0.13 x 10" Hz, a
factor of 10 lower than the observed value for NGC 2695. We
therefore conclude that PNe are unlikely to contribute
substantially to the Ly o luminosity in old stellar systems.

The observations also suffer from uncertainties. The IMF
measurements from optical absorption lines have small formal
uncertainties that likely underestimate the true error (see, e.g.,
Conroy & van Dokkum 2012a). This can be readily seen in the
radial apg profile of NGC 2695 in Figure 11 of van Dokkum
et al. (2017). Turning to the Ly« measurements, the
subtraction of the continuum emission (Section 4.1) can be
improved with better models for the FUV emission of early-
type galaxies. The FUV extinction is a lingering uncertainty,
particularly for NGC 1407 with its relatively high Galactic
reddening E(B — V) = 0.06. The most concerning uncertainty
is the possible presence of HI in the centers of the galaxies, as
it is extremely efficient in absorbing Ly o photons. As is well
known, many early-type galaxies have dust, and presumably
associated H 1, in the central few hundred parsecs (van Dokkum
& Franx 1995; Martini et al. 2013). There is no hint of dust in
the COS images in the NUV channel (see Figure 6), and the
excellent correspondence between the spatial distribution and
kinematics of the stars and the Ly v emission also suggests that
absorption is not an issue, but we cannot exclude the presence
of trace amounts of neutral HI. Extremely deep HT observa-
tions are needed to resolve this issue more definitively. Most of
the other limitations can be overcome with larger samples.

6. Conclusions

In this paper we introduced a new way to measure the IMF in
early-type galaxies that is complementary to other methods.
While chromospheric activity is a stochastic and poorly
understood process that is difficult to predict from fundamental
principles, we have shown that it is possible to generate
empirically motivated population-averaged predictions. The
models predict very strong sensitivity of the integrated Ly «
emission to the IMF-approximately 10x greater sensitivity
than classic optical absorption-line analysis. We are greatly
helped by a plethora of recent work (much of it with COS) on
low-mass stars in the Milky Way in the context of the radiation
environment of exoplanets (see, e.g., Loyd et al. 2018). On the
observational side, COS proves to be well suited to the task of
measuring the stellar Ly o emission in the centers of early-type
galaxies. Here we are, of course, helped by the extraordinarily high
density of stars in these regions, and also by the fact that this is
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where IMF variations appear to be the strongest (Martin-Navarro
et al. 2015; La Barbera et al. 2016; van Dokkum et al. 2017).

We predicted at the outset of this project that NGC 1407
would show a larger amount of chromospheric emission (per
unit optical light) than NGC 2695—this is exactly what we
observe. This result implies that NGC 1407 has a greater
proportion of low-mass stars compared to NGC 2695, i.e., the
IMF of NGC 1407 is more bottom-heavy than that of
NGC 2695. This is in agreement with our previous work based
on stellar population modeling of the optical-near-IR absorp-
tion-line spectra of these systems. Criticism of that previous
work centered on the subtle signature in the data (1% — 2%
change in line depths) that could possibly be attributable to a
variety of population-level effects. Any attempt to explain these
two independent results as not being due to IMF variations
must now explain the observed optical line depths and Ly «
emission with a single mechanism (it is of course possible to
appeal to two mechanisms—one for the optical and another for
Ly a-but the IMF explanation then has the benefit of simplicity).

As noted in Section 5.2, the main avenue for improvement is
in increasing the sample size. This is possible with a relatively
modest investment of HST time, as only a few orbits per galaxy
are needed. Larger samples will definitively address current
limitations related to Galactic extinction corrections, possible
HT absorption, and various model uncertainties. Furthermore,
although this is not the subject of the present study, we note
that the FUV spectra of early-type galaxies provide information
on a wide array of other topics (see O’Connell 1999; Brown
et al. 2002). Thanks to the superb sensitivity of COS, the
spectra shown in Figure 8 are the best observations that have
yet been obtained for early-type galaxies in this wavelength
region, and as long as HST is operational, we can expect rapid
progress in this area.

We thank the referee for helpful comments that improved the
manuscript. C.C. thanks Dave Charbonneau for helpful
conversations. Support from NASA grant HST-GO-15852
and the Packard Foundation is gratefully acknowledged.

Appendix
Spectral Resolution

For spatially extended objects the line profile in the
wavelength direction is essentially an image of the galaxy as
observed through the aperture. As the circular 2”5-diameter
PSA is a factor of ~50 larger than the spatial resolution
delivered by HST, this morphological line broadening
determines the spectral resolution even after binning the
spectra by a factor of 20. The morphologies of NGC 1407
and NGC 2695 are quite different, with NGC 2695 having a
much more peaked light distribution than NGC 1407 (see
Figure 6). The spectral resolution of the NGC 2695 spectrum is
consequently higher than that of the NGC 1407 spectrum.

The spectral resolution can be determined directly from the
morphology. We collapse the NUV images in the y-direction
(which is the spatial coordinate when the mirror is replaced by
the grating) and convert the x-axis from arcseconds to
wavelengths, taking the different pixel scales of the NUV
and FUV detectors into account. We then compare the expected
line broadening to the observed broadening of Galactic
interstellar absorption lines. The average absorption profiles
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Figure 15. Average absorption profile of the four strongest Galactic ISM lines (indicated by blue markers in Figure 8). The lines are broadened by the light distribution
of the galaxies in the PSA. Red lines are the expected profiles based on the morphologies of the galaxies, with the dashed profiles slightly smoothed versions of the
solid profiles. Blue lines are Gaussian fits. The shifts of the lines reflect the velocities of the ISM clouds in the direction of the galaxies.

of the four strongest interstellar lines (AA1190.4, 1193.3,
1260.3 Sill and A1334.5 C1I) are shown in Figure 15. The red
solid lines are the expected profiles from the NUV morphol-
ogies. The morphology provides a good description of the
averaged NGC 1407 ISM line profile but is somewhat narrower
than the NGC 2695 profile. This could be due to the resampling
of the spectra or due to the intrinsic width and velocity structure
of the cloud complexes toward NGC 2695. The red dashed
lines are slightly smoothed (by 0.2 A, or 1 rebinned pixel)
versions of the red solid lines; they provide satisfactory fits for
both galaxies. The blue lines are Gaussian fits to the observed
averaged ISM_profiles. The widths of the Gaussians are
Onste = 049 A for NGC 1407 and oy = 0.33 A for
NGC 2695.

The heliocentric velocities of the ISM lines, ~21 km s~ ! for
NGC 1407 and ~64 km s~ for NGC 2695, correspond to local
standard of rest velocities of ~8 and ~48 km s~ ', respectively.
These values are similar to typical velocities of SiIV absorption
lines in QSO sight lines (Zheng et al. 2019).
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