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ABSTRACT

Context. The dynamical structure of the atmosphere of Cepheids has been well studied in the optical. Several authors
have found very interesting spectral features in the J band, but little data have been secured beyond 1.6 pum. However,
such observations can probe different radial velocities and line asymmetry regimes, and are able to provide crucial
insights into stellar physics.

Aims. Our goal was to investigate the infrared line-forming region in the K-band domain, and its impact on the projection
factor and the k-term of Cepheids.

Methods. We secured CRIRES observations for the long-period Cepheid 1 Car, with a focus on the unblended spectral
line Nal 2208.969 nm. We measured the corresponding radial velocities (by using the first moment method) and the
line asymmetries (by using the bi-Gaussian method). These quantities are compared to the HARPS visible spectra we
previously obtained on | Car.

Results. The optical and infrared radial velocity curves show the same amplitude (only about 3% of difference), with a
slight radial velocity shift of about 0.540.3 kms™" between the two curves. Around the minimum radius (phase ~ 0.9)
the visible radial velocity curve is found in advance compared to the infrared one (phase lag), which is consistent with
an infrared line forming higher in the atmosphere (compared to the visible line) and with a compression wave moving
from the bottom to the top of the atmosphere during maximum outward velocity. The asymmetry of the K-band line
is also found to be significantly different from that of the optical line.

Key words. Techniques: spectroscopic — stars: oscillations (including pulsations) — stars: variables: Cepheids — line:
profiles — line: formation

1. Introduction

©ESO 2018

* 1 Car(lowercase 1)=HD48410 should not be confused with
L Car(uppercase L)=HD 90264 or i Car(lowercase i)=HD 79447
or I Car(uppercase I)=HD 90589 or ¢ Car(iota)=HD 80404. To
avoid these misidentifications, ¢ Car (e.g.,
\Anderson ef. all 2016) or [ Car (e.g., INeilson et all [2016) have

been used instead in the recent literature.

For almost a century, the Baade-Wesselink (BW) method is
used to derive the distance of Cepheids (Lindemann [1918;
[Baadd [1926; [Wesselink 1946). The concept is simple: dis-
tances are computed using measurements of the angular
diameter over the whole pulsation period along with the
stellar radius variations deduced from the integration of the
pulsation velocity Vj,us. The pulsation velocity is linked to
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the observed radial velocity (RV) by the projection factor
p = Vpus/RV (Nardetto et alll2004, 2017). There are three
versions of the BW method corresponding to different ways
of determining the angular diameter curve: a photomet-
ric version based on infrared surface brightness relations
i [1997; [Fouqué et all 2007; [Storm et all
H); an interferometric version ([L_a‘nwjlj [2000;
2004H; [Mérand et al! [2005); and a more re-
cent version that combines several photometric bands, ve-
locimetry, and interferometry (SPIPS; [Merand et alll2015).
On the other hand, the radial velocity curve is usually de-
rived from optical spectroscopy. This means that the projec-
tion factor, which is wavelength-dependent m
2009; [Neilson et all2012), is also calculated in the visible.
Infrared spectroscopy can also be used to derive the radius
variation, but the projection factor must be calculated con-
sistently, i.e., taking into account both the expected limb
darkening of the star in the infrared domain, and the atmo-
spheric velocity gradient as probed by the infrared spectral
lines.

On the interferometric side, Cepheids are usually ob-
served at infrared wavelengths, whereas at optical wave-
lengths the pulsation has actually been resolved for only
three stars, 5 Dor, 7 Agl (A.P. Jacob 2008 PhD [), and the
long- perlod | Car [2009). For the latter, the
angular diameter curves derived respectively from the in-
frared surface brightness relation and infrared interferom-
etry are consistent [20044), while it is not
the case for the short-period Cepheid 6 Cep

). Interestingly, a resolved structure around 6 Cep has
recently been discovered in the visible spectral range using

interferometry (Nardetto et all[2016).

In these three BW approaches an underlying as-
sumption is that the size of the star (i.e., its pho-
tosphere, independently of its limb darkening) has the
same position whatever the wavelength domain consid-
ered. [Sasselov & Lester (1990) used the static models from
Kurucz (@ and derived the depth of the photosphere
(defined by an optical depth of 2 £ in the continuum) as
a function of the wavelength (their Fig. 21). The impact
of this effect on the derived distance was estimated to be
around 1% or 2% by Nardetto et al) (2011) using a hydro-
dynamical model of 1 Car. Another interesting piece of evi-
dence comes from [Anderson et all (2016) who found differ-
ent motions of 1 Car by tracing its pulsation with contem-
poraneous optical velocimetry and infrared interferometry.

The dynamical structure of the atmosphere of Cepheids
has been well studied in the optical
Bell & Rodgers 1964; [Karp [1975; [Sasselov & Lester ll.9_9ﬂ
Wallerstein et al] 2015, Nardetto et all 2006; IAndf;tsgﬂ
2014; |Anderson et al! l2£llﬂ [Nardetto et all l2QlI|)
only a few spectroscopic observations are available in the
infrared. At 1.1 pum, [Sasselov et all (1989) used the Fourier
Transform Spectrometer (FTS) at the Canada-France-
Hawaii Telescope (CFHT) i [1982) to
monitor two Cepheids, X Sgr (P =7.013 d) and 7 Adql
(P =7.177 d). They reported RV curves with systematically
larger amplitudes (20-35%) in the infrared than in the opti-
cal domain. This result was later confirmed in a subsequent
study based on a larger set of infrared spectroscopic data

(Sasselov & Lester 1990). In addition, [Sasselov & Lester

(MBB) studied the Hel 10830 A spectral line to model
the chromospherical structure of Cepheids.

This paper presents the very first analysis of infrared
spectra in the K band (2.2 pum) of the Cepheid 1 Car. The
final goal is to investigate the behavior of the RV curve at
such long wavelengths.

2. CRIRES observations of | Car

The cryogenic high-resolution infrared echelle spectrograph
CRIRES was located at the Nasmyth focus A of the UT1
of the ESO Very Large Telescope 2004). Tt
provided a resolving power of up to 100,000 in the spectral
range from 1 to 5.3 um when used with a 0.2 slit. The
spectra were imaged on a detector mosaic composed of four
Aladdin III detectors (4096 x 512 pixel) with a gap of ~ 250
pixels between the chips. For all our observations, the spec-
tral range is the same (in nm): [2178-2188], [2191-2201],
[2204-2214], [2216-2226].

Our target was the long-period (P=35.551 d) Galactic
Cepheid 1 Car (HD 84810=HR 3884, variable from V=3.35
to V=4.06, G5lab/b). A detailed investigation of the pe-
riod rate change over more than a century of observations
is given by Brei (2016) (+27.283+£0.984syr 1)
and [Neilson et all (2016) (+20.23+1.39 syr~1!), who also
concluded that 1 Car does not show evidence of the same en-
hanced mass-loss rates measured for § Cep. However, a com-
pact circumstellar envelope was detected by means of sev-
eral instruments operating in the infrared
2009).

Most of the CRIRES spectra data were secured between
April 2 and July 2, 2012. Two spectra were taken in Januar
2013, and we added two taken in April 2008 (Mﬁ
[2011)). Table @ reports the log of observations. We used the
EsoRex ESO Recipe Execution pipeline to reduce the data.
However, the standard wavelength calibration of the spectra
based on the thorium-argon lamp was unsuccessful (except
for detector 1); therefore, we used the Molecfit ESO sk
modeling tool in order to calibrate the data m
2015; Kausch et all2015)8. For this, we compared each ob-
served spectrum with its corresponding atmospheric model
generated with Molecfit (including telluric lines) and we
derived a mean offset of 10.7 + 0.3 kms~'. This value was
used to calibrate the wavelength of all spectra.

By using the Atomic Spectra Bibliographic Databases of
the National Institute of Standards and Technology (NIST)
(Kramida et _all 2016), we were able to identify only one
spectral line that was not blended by telluric lines at all
phases, i.e., Nal 2208.969 nm (in the wavelength range of
detector 3). This line is the second component of a doublet;
the first component (Nal2206.242 nm), albeit within our
spectral range of observation, is unfortunately blended by
a telluric line, which prevents its analysis (Fig. [I).

2 Thanks to the new and larger CRIRES data set, we realized
that two measurements (out of four) presented in

(2011)) (spectra at phase 0.27 and 0.78 in their Fig. 3; see also
Sect. 4) were critically affected by an artifact in the wavelength
calibration that could not be corrected. This led to an incor-
rect estimate of the infrared radial velocity amplitude and an
incorrect line identification, while the general conclusions of the
paper remain unchanged. These two measurements are not used

! http://www.physics.usyd.edu.au/ ande/Thesis_PhD_APJ.pdfin the present study.
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Fig. 1. CRIRES spectra corresponding to phase 0.0 are plotted over the four detectors D1 to D4. The blue vertical features
indicate the telluric lines as identified with the Molecfit ESO sky modeling tool. The atmospheric line indicated on D1 by a red
region is blended between phase 0.6 to 1.0. The Nalboublet appears in D3: The first component (2206.242 nm, red region) is
blended, while the second (2208.969 nm, green region) is analyzed in this paper.

For the first time we explore the spectral region be-
yond 2.0 pm; the previous studies [1989;

ISasselov & Lester [1990) were performed in the 1.08-1.6 ym

domain. The line-profile changes are shown in Fig 2

From these spectral line profiles, we extract sev-
eral physical quantities using the methods described
in [Nardetto et all (2006). We fit a four-parameter ana-
lytic spectral line profile to the data (Egs. 2 and 3 in
Nardetto et all 2006): the depth of the line, D (quantity
without dimension); the wavelength associated with the
minimum of the line, Ay, (in A), the full width at half max-
imum (FWHM) in the line (in A); and the line asymmetry,
A (in percentage of the FWHM). All these parameters are
listed in Table [ together with the centroid velocity, RV,
i.e., the first moment of each spectral line profile (Eq. 2 in
Nardetto et all (2006)); A, values have been converted into
velocities (RVi, not used in this study, but listed for sake
of completeness).

3. Comparison between infrared and visible
observations

The similarity between the optical and infrared RV curves
of Cepheids is not obvious. After the papers in the 1990s
mentioned in Sect. [l our HARPS and CRIRES data of
1 Car provide one of the few examples currently available
with modern instrumentation.

Taking into account the secular period variations
(Neilson et all 2016), we computed a period P=35.5496 d
and a time of maximum brightness Ti,ax=JD 2456023.533
at the epoch of the CRIRES observations. The CRIRES
RV, data (red open squares in Fig. [) folded with these
elements show a time of maximum (receding) RV at
BJD 2456053.05+1.0. The uncertainty is mostly due to fix-
ing the real maximum RV phase and consequently the mean
RV value. On the other hand, the minimum (approaching)
RV is better fixed at BJD 2456025.040.5. The minimum
RV corresponds to the maximum brightness Ty,,x, within a
narrow phase lag between the two curves (Simonl [1984), so
the agreement with the Th,.x reported above is very satis-
factory. We then apply a spline interpolation on these mea-
surements (red solid line).
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Table 1. Log and results of the CRIRES observations of 1 Car. Phases and cycles are computed with To=JD 2456023.533 and
P = 35.5496 d. Cycles are counted from the first observed one. The signal-to-noise ratio (S/N) is calculated over the wavelength
range 2212.0-2212.3 nm for 2012 and 2013 data, while the range 2208.2-2208.5 nm is used for the 2008 data.

Date BJD Phase Cycle RV, RV FWHM D A S/N
2013.01.15 56307.778 0.00 52 -9.76 4053 -12.0640.20 0.171 40002 0.137 40001 -15.9 4920 500
2012.04.07 56024.531 0.03 44 -12.56 1042 -13.0149.18 0.155 40001 0.154 410001 -4.7 y17 582
2012.04.08 56025.514 0.06 44 -12.28 1942 -12.9740.16 0.150 £0.001  0.168 4+0.001 -6.2 y16 525
2012.06.27 56105.505 0.31 46 0.43 1+0.32 -0.45410.07 0.112 49001 0.288 +0.001 5.2 410 464
2012.06.30 56109.468 0.42 46 7.79 +£0.54 6.37+0.07 0.121 19001 0.292 19001 -13.3 10 482
2012.07.02 56111.486 0.47 46 11.47 4055 9914008 0.130 +9.001  0.290 £09.001 -15.9 411 428
2013.01.01 56293.745 0.60 51 18.24 1035 20.3240.10 0.157 40.001  0.253 +0.001 15.5 +11 340
2012.05.01 56048.643 0.71 44 18.54 19057  19.2940.13 0.183 +£0.001  0.227 +g.001 3.7 +10 395
2012.05.04 56051.629 0.79 44 19.85 41062  20.7240.15 0.201 40001 0.204 +g.001 4.2 419 324
2012.04.02 56019.688 0.89 43 15.66 1+0.60 14.0441021 0.202 10.002 0.153 10.001 -6.8 115 450
2008.01.25 54491.266 0.90 1 14.56 41957 12214090 0.183 49.002 0.136 +0.001 -14.0 40 453
2008.01.26 54492.180 0.92 1 7.64 10.43 5154090 0.165 49.002 0.143 10001 -17.1 4909 424

yyyy.mm.dd BJD-2400000 kms™! kms™? A %

For comparison purposes, we discuss the HARPS data
presented in (2009). We used the RVi._g
values, obtained from the Gaussian fit of the cross-
correlation function. We computed a period P—=35.5476 d
and a Tyax=JD 2453001.573 at the epoch of these obser-
vations (January and February 2004). The Ty,ax value is in
excellent agreement with the observed minimum RV, i.e.,
BJD 2453002.46. We can compare straightforwardly the
HARPS (visible) curve with the CRIRES (infrared) curve
since the two ephemerides are based on the periods and
time of maxima at the time of the respective observations.
We also repeated the analysis by computing the phases as-
suming the same T and an average period of 35.5486 d by
obtaining very small phase shifts.

To make the comparison, we plot the RV, curve asso-
ciated with the line 605.6 nm presented in
(2006) (blue triangles in Fig. ). We also plot the RVec_g
values and curve used above (black empty circles and black
solid line in Fig. B). We recall (see [Nardetto et all [2009)
that the small differences between the RV curve of a line
(like RV, for 605.6 nm) and that of the RV,._, calculated
from the whole spectrum is partly due to the fgraq com-
ponent of the projection factor p, and to the way the RV
values are derived (centroid versus Gaussian fit).

The bump seen at phases 0.47, 0.60, and 0.71 in the
CRIRES RV might be due to a compression wave travel-
ing in the upper part of the atmosphere (probed by the
extended forming regions of infrared lines; see Fig. 21 in
ISasselov & Leste1[1990) or to small variations in the shapes
of the RV curves related to cycle 44 (phases 0.71 and 0.79),
cycle 46 (phase 0.47), and cycle 51 (phase 0.60). Such
cycle-to-cycle variations are reported in the RV curves of
Cepheids ). We also note that the mean
value of the CRIRES curve (red line in Fig. [B) differs by
0.53+0.30kms™" from that of the HARPS RV, curve (blue
line in Fig. Bl). The uncertainty is due to wavelength cali-
bration. Such an offset could be due to the different impact
of granulation on the line-forming regions in the optical and
infrared. The deeper the line-forming region, the more the
mean radial velocity is blueshifted (Vasilyev et all 2017),
which could indicate that the infrared line forms in the
upper part of the atmosphere. In order to verify this as-
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sumption, we compute the layers (at the maximum radius)
corresponding to an optical depth of 2 at the center of the
lines Nal 2208.969 nm and Fel 605.6 nm from the hydrody-
namical model of 1 Car presented in Nardetto et all (2007).
We found 100% and 20%, respectively (0% corresponds to
the photospheric layer, while 100% is the layer at the top
of the atmosphere). The core of the Nal 2208.969 nm line
thus forms at the top of the atmosphere, conversely to the
iron line in the visible.

We note that the infrared RV, curve has almost the
same amplitude as its visible counterpart. This is seen in
Fig. @ where we plot the amplitude of the RV, curve as-
sociated with the 17 lines (black dots), including 605.6 nm
(blue triangles) of different depths. The infrared line (red
squares in Fig. M) is consistent with the visible RV, ampli-
tudes. For comparison, the amplitude of the RV._, (black
solid line and circles in Fig. B)) is slightly larger, as already

discussed in Nardetto et al) (2017)

Another striking feature of the infrared radial velocity
curve is the delay shift with respect to its visible counter-
part that can be clearly seen in the descending branch. As
proven by the use of different P and Ty values, the shift
cannot be explained by the secular changes. The shift ob-
served in the Cepheid 1 Car is comparable to that observed
in RR Lyrae stars by Mathias et all (1995) between metal-
lic and hydrogen lines in the visible (their Fig. 5), and
related to the Van Hoof effect (van Hoof & Struve 1953),
i.e., a delay in the velocities associated with the high and
low line-forming regions. This effect has also been found
in classical and type IT Cepheids (Vinko et all[1998). This
can be seen in Fig. Bl where we plot the radius variation
associated with visible and infrared lines, respectively. This
figure shows that a compression wave moves from the bot-
tom to the top of the atmosphere during maximum out-
ward velocity (phases around 0.9 to 1.0), which is consis-
tent with Fig. 10 of [Sasselov & Lester (1994a) based on a
time-dependent model of n Aql. This result seems to indi-
cate, again, that the infrared line-forming region is probably
located in the upper part of the atmosphere compared to
the optical one, which might also explain why the visible
and infrared line asymmetry (A) curves are quite different
in shape (Fig. [f). These differences in shape are probably
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Fig. 2. Profile variations in the Nal 2208.969 nm line obtained
from the CRIRES spectra of 1 Car (the reference wavelength is
indicated by the blue vertical dotted line). The black vertical
line at the top left corresponds to a differential flux of 0.15. The
pulsation phases are indicated to the right of each profile.

due to different states of temperature and pressure between
the bottom and top of the atmosphere, but also to different
velocity fields (compression wave traveling).

4. Discussion and conclusion

Our analysis of the behavior of the pulsation of 1 Car in the
infrared shows that the RV, curve of the Nal 2208.969 nm
has about the same amplitude as the same curve obtained
from optical lines, while a delay shift is noticeable in the de-
scending branch (at minimum radius of the star). This ob-
servational result at 2.0 pym is different from that observed
in the RV curves at 1.1 pym of the Cepheids X Sgr and
7 Aql, where amplitudes 20-35% larger than the optical val-
ues were measured (Sasselov et all[1989; [Sasselov & Lesterl
[1990). The same authors report on a doubling effect in
the 1.08 pm line of short-period Cepheids X Sgr, § Cep,
n Aql, and possibly T Mon, but we did not observe it
in the 2.2 um Nal line of the long-period Cepheid 1 Car

CRIRES high-resolution infrared spectroscopy of 1 Car

(lNarthLMt_a‘lJ [2017) or for any Cepheid in our HARPS
sample [2006). X Sgr is the only excep-

tion and the clear line-doubling was attributed to a double
shockwave in the atmosphere (Mathias et all[2006).

The observed equality between the two amplitudes is
physically interesting. In principle, RV, is independent
of the width of the spectral line (rotation and micro-
turbulence), while it depends on the pulsation velocity
(associated with the line-forming region) and the limb-
darkening. We refer to the limb darkening within the line
and not to the limb darkening in the continuum, which
is often used as an approximation of the projection factor
decomposition in the visible (Nardetto et all 2007). Thus,
equivalent visible and infrared RV, amplitudes is consis-
tent with similar pulsation velocities and limb darkenings
(within the lines). Or conversely, it could indicate that the
infrared line region is located in the upper part of the at-
mosphere as suggested by the hydrodynamical model the
delay shift (or Van Hoof effect), and the bump around phase
0.7 (dynamical effect or cycle-to-cycle variation). Thus, the
pulsation velocity amplitude corresponding to the infrared
line-forming region could be larger (compared to visible),
which could compensate a weaker limb darkening within
the infrared line. In particular, the completely different be-
havior of the asymmetry of the Nal 2208.969 nm line also
seems to indicate that the infrared lines are sensitive to
different physical processes with respect to optical lines
and/or are formed at a different atmospheric height, which
can also modify its RV velocity (Albrow & Cottrell [1996).
Eventually, the impact of the granulation on the infrared
line-forming region can contribute to the observed velocity
shift between optical and infrared lines.

In any case, these results clearly indicate that the dif-
ferences between infrared and optical high-resolution spec-
troscopy are a key to better understanding the dynamics of
the atmospheres of Cepheids. In particular, it could help in
disclosing the true nature of the so-called k-term, i.e., the
apparent systematic blueshifted motion at the level of a few
kms~! shown by all Cepheids (e.g., Nardetto et all 200
Vasilvev et all 2017). Simultaneous spectra acquired with
new-generation, broad-range echelle spectrographs, like GI-
ANO (Origlia et alll2014) and its updated version GIARPS

2016) at the Telescopio Nazionale Galileo, or
CRIRES+ at ESO (Follert et all2014), will be partlcularly
helpful in this context.

(Fig. 2)). Low [N/C] and [Na/Fe| ratios are reported in the
atmosphere of 1 Car (ILugk_&_L_am@rﬂlZQlJ] Genovali et all
M) Such peculiarities can play a role in the occurrence
(or not) of atmospheric shockwaves. We recall that we did
not find any line doubling in the visible range for § Cep

3 As the hydrodynamical model is lacking a description of the
convection, the detailed study of an infrared line in the case
of 1 Car located on the red side of the instability strip, is not
recommended.
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Fig. 3. CRIRES infrared RV data (Nal2208.969 nm line, open red squares), HARPS optical RV data (line 605.6 nm, blue open
triangles and fitting blue curve), and RV.._, data (black open circles and fitting black line).
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