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ABSTRACT

Using spectra of the star AE Aur (HD 34078), covering the gui997—-2015, we suggest that
two strong molecular features of CH and CHinderwent detectable changes of intensity. In the last
five years both CH and CH declined sharply and systematically, with the CH/CHatio steadily
growing. No variations in the radial velocities of the olveet interstellar features was detected
during the covered period.

Key words: ISM: lines and bands — ISM: general

1. Introduction

For a long time interstellar spectral lines observed in giigm on the spectra
of background stars were considered as being necessardgrsftant intensity:
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given the spatial (cloud size) and time (interstellar ctetrpiand physics) scales.
Both intrinsic changes — in column densities of line cag@md geometric changes
in the line-of-sight, due to the relative motion of obseramd background star
— were deemed to be negligible during an astronomer’s lifg.tH& end of 90s,
however, it became clear that interstellar clouds are natdgeneous, but may
contain structures on much smaller scaleg, Deshpande (2000), Smitkt al.
(2013). Some intensity variations of the features origidah them may therefore
be observable on human time scales (Crawéiral. 1994, 1998).

Also radio observations using high angular resolution tethe discovery of
tiny-scale variations of atomic structures (Stanimiéetial. 2010). Recently Dirks
and Meyer (2016) reported the evidence of temporal varighil the interstellar
Nal absorption toward HD 47240 which lies behind the Monosérop supernova
remnant (SNR). Eight-year period spectral observatiovealesignificant variation
in both the observed column density and the central vescithuthors suggest this
variation would imply= 10 a.u. fluctuations within the expanding SNR shell. Rao
et al. (2016) reported dramatic disappearance of strong Nal D coemt toward
three stars in the direction of the Vela supernova remnant.

In particular, some variability may be detectable as the-bfrsight toward
a background source sweeps through different parts of teevining clouds, if
large proper motions are involved. The most likely candiddtjects to observe this
effect are expected to be bright, because large proper nsatypically characterize
nearby stars. The modeling of possible phenomena in thestetlar medium was
proposed in several papesg, Hennebelle and Audit (2007) which may allow
understanding the situation inside some relatively sntallesinterstellar clouds.

Herbig (1999) proposed AE Aur as an object with a sufficietdlge proper
motion to possibly see measurable variations of inteestédlatures on a scale of a
few years. This 09.5V star, of apparéhiagnitude about 6, is moving across the
line-of-sight with a speed of 43 mas per year (Boietsél. 2009). At an estimated
distance of= 500 pc (Humphreys 1978, Megiet al. 2009) this corresponds to
a linear speed transversal component of 22 a.u. per yedre density structures
in the intervening cloud are of the a.u. size, this may be@egfit to cause some
detectable variations of intensities and radial velosifi®v9 of interstellar lines or
bands with time. However, Herbig (1999) found no such vemet of RVscompar-
ing his spectra from 1998 to those of Adams (1949). R&are only marginally
higher than the former ones, with a difference compatibtl wieasurement errors.

The problem of intensity variations of interstellar feasiin the spectrum of
AE Aur was addressed subsequently by a number of studiebnéReét al. (2003),
using observations from several instruments collected alkeut a decade, found
that while the assumption of constant equivalent widE\&&) was marginally com-
patible with their CH and CH measurements, they hinted some real variability.
Using their highest resolution spectra, they also fitteduthieesolved structure in
both features with three velocity components, two narroasand a broad, shallow
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one. Even in the highest resolution spectra, the featueesirmiesolved, showing
only a slight asymmetry and shallow wings, so the authorsi@asly remark that
the fit solution is not unique. More recently, Boistéal. (2005) detected the pres-
ence of highly excited K along the line-of-sight, with no measurable variability
over a few years in FUSE data. This was interpreted as evidehintense inter-
action of AE Aur with the molecular cloud it is traversing, @so hinted by the
presence of an apparent bow shock in Spitzer observatid#san (Franceet al.
2007). The latter authors also showed that the amount ofidigsted from scat-
tered light accounts for only a small fraction (a few tenthge snagnitude) of the
observedAy, toward AE Aur, the rest being due to the colder foregroundgia
cent cloud. Moreover, Boisst al. (2009) observed evident CO emission centered
at the star, using the IRAM 30-m telescope. Very recentlgti@ret al. (2014)
combined the former single-dish observations with completary ones obtained
with the Plateau de Bure interferometer, resolving thegayend CO emission in
two dense “globulettes”, with angular sizes arourichdd estimated number den-
sities just below 19 cm~3. These “globulettes” are found to have radial veloci-
ties compatible with those of the two sharp components of GtH@H™ fitted by
Rollinde et al. (2003), and together should produce a visible extinctioalmjut
0.3 mag along the line-of-sight toward AE Aur, out of its lofg ~ 1.6 mag. Such
cloudlets are reminiscent of those found serendipitougldéithausen (2002).

The molecular features available to ground based opticsgmvitions are ex-
tremely intense in the spectra of this star, proving a sogesfuliarity of the in-
terstellar material obscuring it. This overabundance newore outstanding if
one assumes that CH and CHlo not originate in the translucent cloud producing
the bulk of the extinction in the line-of-sight, but insteawdy in the part directly
interacting with the star, as proposed by Boissél. (2009) and Gratieet al.
(2014). Even the nature of the shock front ahead of AE Aur euiin: Boissé
et al. (2009) found its distance from the star inconsistent with éstimated stel-
lar wind, and Ochsendo#t al. (2014) proposed that the observed emission arc at
24 um may actually be due to dust swept up by radiation presswradcabf the
actual shock front between stellar wind and the ambientdcl@n the other hand,
Lépez-Santiaget al. (2012) detected conspicuous X-ray emission from the arc,
hinting that a bow shock is actually present.

In this work we present new observations of this interedliimgrof-sight, that
together with other previously collected, strongly suggystematic variations in
the intensity of both CH and CH transitions that declined systematically, with the
CH/CHT ratio steadily growing, in the past few years.

2. Observations

The list of spectra of HD 34078 that we analyzed covers alr@0syears,
i.e, dates back to 1997 (Table 1).
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Tablel

CH, CHT and Call K line measurements

date CH 4232 A CH 4300 A CallK  Julianday facility
integrated profile fit integrated profile fit integrated
EW AEW EW AEW EW AEW EW AEW EW AEW 2450000

1997-11-14 439 22 418 26 513 22 504 31 1255 05 768eBskol®
1997-11-19 491 25 463 44 556 27 554 4.0 131.0 0.6 77Tebskol?d
2004-02-05 444 06 452 10 538 07 527 07 1345 15 B04BOES
2004-03-07 452 05 459 10 542 08 527 10 1334 15 BOMBOES
2004-08-27 47.8 08 450 0.9 557 0.8 520 08 1298 15 B24ferskol?
2005-12-18 414 09 415 09 51.3 09 504 09 1332 1.1 B44BVES
2005-04-03 454 1.3 436 13 546 13 515 13 1328 3.3  B46Berskol?
2005-04-06 47,5 1.2 448 11 526 11 526 11 1255 3.7 B468erskol?
2005-04-13 459 1.1 433 12 544 11 544 11 1310 26  B47Berskol?
2006-10-07 43.8 0.7 423 09 543 09 528 06 1365 22 BOIBOES
2007-12-04 468 2.1 461 27 555 28 543 29 1339 27  B43erskof?
2008-01-16 456 06 460 08 553 15 541 12 1315 1.8  B48lerskof?
2008-02-01 483 05 483 05 566 05 56.6 05 1336 1.0 B49BOES
477 06 477 06 566 05 566 05 133.6 1.3 44975 BOES
2008-02-02 47.8 08 478 0.8 555 06 534 07 1336 13 B49BOES
469 07 470 09 558 05 533 0.7 1344 13 44985 BOES
2010-12-24 450 07 453 13 514 06 516 16 1292 1.1  655frskol®
2011-01-13 448 1.2 421 18 524 12 528 18 1295 4.1  557ferskol®
2011-12-14 380 1.7 376 23 500 18 492 21 1270 31  590Berskof?
2011-12-29 407 14 377 17 521 18 508 1.8 1307 27  592Ferskof?
2012-01-06 383 0.7 386 18 498 11 502 24 1330 3.2 693Perskold
2012-01-12 371 05 377 05 521 04 491 03 1318 1.0 593BIKE
2013-11-15 37.0 15 347 14 534 14 491 13 1315 23 56IHARPS-N
2014-03-14 324 23 338 23 456 16 466 2.0 1280 22  5730erskof®
2014-08-17 305 09 325 15 451 07 445 16 1233 45  588lerskof?
2014-09-09 326 07 324 10 505 09 481 12 1327 28 BIMIKE
2014-10-08 316 1.2 314 18 465 13 459 17 1220 2.0  593Berskol®
2014-12-26 326 27 329 29 444 15 437 28 133.0 4.4  30ITerskof®
2015-01-13 315 19 310 22 450 14 441 20 1291 3.7  303berskof?
2015-01-14 30.8 15 30.1 21 468 16 454 16 1272 3.7  303berskol®
2015-10-30 29.9 05 298 05 458 0.6 449 09 1308 1.0 332BOES

() R= 45 000; (b)R= 120 000.

The bulk of data were collected at the ICAMER (North CaucaRussia) ob-
servatory, with the aid of the coudé echelle spectrograplE&RARO (Musaeet al.
1999) fed by a 2-m telescope. These spectra have been abtaihweo operating
modes of the instrument, with resolving powers respegtie¢|R = 45 000 and
120 000. MAESTRO inR =45 000 mode provides a complete spectrum9b
spectra orders) in the range 3500-10 100 A in a single exposure made with
the aid of Wright Instruments CCD camera equipped with a 224252 matrix
(pixel size 225 x 22.5 um). In R= 120 000 mode the CCD covers some 40% of
the complete spectrum, though CH, CHand Call K can be recorded simultane-
ously. Typical signal-to-noise (S/N) ratios of MAESTROfsestra are~ 70—100
and~ 100-150 for R= 45 000 andR = 120 000 modes, respectively.
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One spectrum in the range 3050-10 400 A was obtained at theFEEB&hal
observatory, with the UVES spectrograph (Dekkeral. 2000) mounted on the
Nasmyth focus of the 8-m VLT-UT2 telescope; the resolutieamthe molecular
features isR =~ 50 000 corresponding to the applied slit widthQ,.and the S/N
ratio ~ 250.

One spectrum was taken with the HARPS-N spectrograph (Gioseet al.
2012) — a copy of the HARPS spectrograph at the ESO La Sille®@asry —
installed at the TNG at La Palma Island (Canary Islands).c®pm covers the
383-690 nm wavelength range with the resolving pofRer 115 000, and the S/N
ratio =~ 100.

Two spectra were acquired with the MIKE spectrograph (Beingt al.2003)
fed by the 6.5-m Magellan telescope at Las Campanas obsgry@tile). Spectra
were observed with a”@5 x 5" slit. We estimated the resolving power using the
solitary Thorium lines. It is~ 56 000 Av ~ 5.4 km/s) on the blue branch (3600—
5000 A) of spectrograph. The recorded spectra are averagi® (pixel space) of
24 (the resulting S/N ratio reaches400-800) and 7 ($N ~ 100-200) individ-
ual exposures for 2012 and 2014 runs respectively.

Lastly, our sample includes eight spectra obtained throhgliber-fed echelle
spectrograph BOES (Kirat al. 2007) installed on the 1.8-m telescope at the Bo-
hyunsan Observatory (South Korea). In all cases the sggefrb allows us to
record a whole spectral range from 3500 to~ 10 000 A divided into 75-76
spectral orders. The spectrograph has three observatimdds providing the re-
solving power ofR = 30 000, 45 000, and 90 000. Our 2004’s spectra (S/N ratio
varies in the range) are in the lowest one, 2006'’s arR ef 45 000 and, spectra
collected in 2008 are oR =90 000. In all spectra S/N ratio varies in the range
~ 200-400 depending on the wavelength.

All spectra were processed in a standard way using both IRAHY, 1986)
and our own DECH codes. The wavelength scale of all spectra was aligned to the
interstellar rest wavelength position using the CH 4300n& i

All measurements have been performed with the aid of DEClé cBduivalent
widths error were estimated using the Eq.(7) from Vollmand Bversberg (2006)
which do include contributions from both photon noise andtitmum uncertain-
ties.

3. Results

In Table 2 we compare equivalent widths @ddata from Herbig (1999) with
our own, acquired using the BOES spectrograph in two epochs.

The EWSs of atomic lines coincide within the measurementreriroboth sets
of observations, with the exception of KI 4044 A lines. Theeiwsity ratio of the
components of this doublet can be easily determined by mafastandard atomic

Lhttp://gazinur.com/DECH-software.html



396 A A.

Table?2
Equivalent widths and radial velocities of interstellards from Herbig (1999), BOES(2004) and

BOES(2015)
Feature EWHer) | EW2004) | EWM2015) | R\Her) | RM2004)| RM2015)| ratio?
[A] [mA] [mA] [mA] [km/s] | [km/s] [km/s]
Fel 3859.911 102+10| 46+06| 6.0+06| 156 14.6 15.6 1.30
CN 3874.607 114+04| 104+08| 101+11| 134 13.9 14.4 0.97
CH 3878.774 77+06| 69+06| 62+07| 152 14.7 15.4 0.90
CH 3886.410 222+22| 188+11 | 153+08| 15.3 14.6 14.8 0.81
CH 3890.217 132+26| 130+1.0| 109+0.7| 14.9 14.8 14.4 0.84
Call K 3933.664] 1300+0.6 | 1328+1.4| 1310+1.1| 14.7 13.9 14.4 0.99
CH™3957.692 | 27.3+0.4 | 297+09 | 187+06| 155 14.7 14.7 0.63
CallH 3968.470 79.0+3.0| 799+12| 822+09 | 15.0 14.1 14.7 1.03
K1 4044.143 94+04| 60+10| 44+06| 115 12.7 11.8 0.73
Cal 4226.728 80+22| 66+06| 6.2+05| 156 15.7 16.5 0.94
CH™4232.548 | 47.0+0.4 | 452+05| 299405 | 15.3 14.6 14.4 0.66
CH 4300.313 580+0.2 | 542+08 | 458+06| 15.3 145 14.8 0.85
Kl 7698.965 - 1799+1.7|1737+1.2 - 15.6 15.6 0.97

aStrength ratios: 2015/2004.

theory, and it should be close to 2 for unsaturated linesiedsing somewhat in
case of saturation. Since the value inferred from Herbi@®) @ata is about 8.5,
the reported EW may be wrong for any of these lines. Our mddedines are
generally weaker than Herbig’s ones. GQRWsare a bit blue-shifted for all stronger
lines, except for those of Cal and Call which have evidentepstructure. Some
difference betweemVs of Call lines and molecular features was mentioned by
Adams (1949). Our values reported in Table 2 refer to theata@iocities that bring
the center of the strongest Doppler component observea tetbrence laboratory
wavelength, corrected for the heliocentric reference &am

Our spectra cover the period 1997-2015. Naturally someeshitare of better,
some of worse quality. We have selected two spectra from @E®Bspectrograph
in evidently different epochs: 2004 and 2015. The first spectwas acquired
before the decline of molecular features started, the secorery recent. The
comparison is given in Fig. 1 and in Table 2. The result is showFig. 1. It com-
pares three CH and two CHlines. It is evident that the CH features considered
are weaker in the most recent spectrum. On the other handbbthlines: 3957 A
and 4232 A are strongly weaker in the same spectrum. This ogyest that the
ratio of the features is variable and can be different in mepent observations.
It is important to mention that interstellar Call, Cal and liKles are of the same
intensity in both spectra as well as stellar lines.
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Fig. 1. Comparison between observations made in differpotkes using the same instrument.
Molecular lines are evidently weaker in the recently reedrdpectrum in a sharp contrast to stel-
lar lines and the interstellar Cal and Kl ones.

We focus on the strongest featurés,, CHt 4232 A and CH 4300 A, for
quantitative comparisons of EWs. The molecular featuré&3886 A and 3957 A
are much weaker, making their measurements more uncelfaireover, theB —

X 3886 A CH line lies on the wing of a strong HI stellar line, magsithe defi-
nition of its local continuum level difficult, and thus addito the uncertainty in
its measurement. Still, the behavior of the weaker featuvben examined in the
spectra with the highest S/N ratio, is entirely consisteith what of the stronger
ones (see Fig. 1). We devoted an extreme care to the defipititve continua over
the measured lines. Visual inspection of heavily saturabstrption linese.g, the
Nal doublet, shows that their flat bottom coincides with z#wa, within noise.
This rules out significant uncorrected scattered light @aonbation in any of the
spectrographs used, which would instead result in soméualsilux at the bottom
of saturated lines. In the case of the €232 A line, which is blended with a
stellar line, the de-blending procedures available in IRfE the DECH software

were applied.

The CH" 4232 A and CH 4300 A lines are only mildly saturated, as seen
in our highest resolution data and also in Rollireteal. (2003), with their even



398 A A.

higher resolutiorR = 170 000. The lack of saturation follows the Doppler split-
ting, demonstrated in the latter paper. For these two feafuherefore, equivalent
widths were obtained bothia direct integration and by profile fitting. The pro-
file fitting routines of the DECH code were used to match thespled profiles
with the minimum number of Doppler components (typicallyets) that reduced
the residual to the noise level. The integrated area of theflittng sum was used
as the measure of the equivalent width. While our data arepatibie with the
RV components obtained by Rollings al. (2003), the fitting solutions are highly
non unique. This is fully expected, given that the sepanatiaadial velocity de-
termined by Rollindeet al. (2003) for the narrow components is abeuf2 km/s,
with velocity dispersions of the order of 3 km/s, while ouglhést resolution is only
slightly less than 3 km/s. Even in Rollings al. (2003) the fit is clearly stated to
be non unique, in spite of their higher spectral resolutlodeed the narrow com-
ponents are not resolved also in Rollineteal. (2003), that inferred their presence
only from the asymmetry of the observed profile. In any cas&rg as profiles are
adequately fitted, the total area of any resulting blend afmmnents is insensitive
to the ambiguity in how the intensity is distributed among tomponents. One
can therefore still use profile fitting as a reliable methothasure the equivalent
width, along with direct integration. As to the Call K lineging it more heavily
saturated we only measured its equivalent width by dirgegiration.

The relation between the measured intensities and epochsaneation for
both molecular features is given in Fig. 2. It is evident thakarly constant (inside
the measurement errors) intensities of molecular featane$ollowed by a rather
sharp decline starting around 2009, and still ongoing. @biss not depend on the
instrument used. The decline is greater for Ckhan for CH. The lines shown in
the top and middle panels of Fig. 2 represent the result adistdequares fit of the
data with two lines: a horizontal one up to tirig and a decreasing line froff
on. The free parameters of this fit are the constant heightehbrizontal line,
the break timelg, and the intercept and angular coefficient of the decrediiag
The fit is made both with our data only (green line), and intigdalso the OHP-
SOPHIE and McDonald data points from Boigtél. (2009 — blue line). Both CH
and CH" yield a Tg around year 2009. The inclusion of the best data from Boissé
et al. (2009) does not appear to change significantly the fit restiliere appears
to be some real scatter around the best fitting lines, evamlyfdightly larger than
formal errors.

The Call K line only shows some apparently random oscilfej@ven if some-
what larger than its formal uncertainty. Its EW always remsailose to the one
reported by Herbig (1999).e., 130 mA.

Conversion to column densities may be done making use ofdléing rela-
tions given in Boissét al. (2009), Egs.(1-2), with the cautionary remark that such
column densities depend on the admittedly non unique decsitiqn in radial ve-
locity components in Rollindet al. (2003).
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Fig. 2. CH 4300 A, CH 4232 A, and Call K line intensities plotted as a function & tibservation
epoch (in Julian days). The CHdecline is evident while that of CH is smaller. Red dots are ou
measurements, blue dots and green dots are respectivelphédiDand OHP-SOPHIE observations,
both from Boissét al. (2009).

We also examined the correlation between the measured EMMsnsn Fig. 3.
In all plots we show the best fitting straight line through ti&a. The correlation
among CH and CH EWs is astonishingly goodR~ 0.9) in our data and OHP-
SOPHIE data from Boissét al. (2009), with all of them being within one or two
standard deviations from the best fitting line. Only some Idic&ld data points,
also from Boisséet al. (2009), appear to stand prominently out of the correlation.
This may depend either on their smaller error, meaning tietorrelation breaks
down at very high accuracy, or that their errors are undienaséd. The top right
and bottom panels of Fig. 3 show the correlation of CH and GE\Vs with that of
Call. In this case there can possibly be some loose comwaldiut variations are at
the noise level, so this is inconclusive.
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Fig. 3. Correlation plots of the EWs of CH, CHand Call.Left top panel: CH vs. CH™; right
top panel: CH vs.Call; bottom panel:CH* vs.Call. The green line imll panelsis the best fitting
straight line for our data. The blue line dop panelis the best fitting line including in the fit also
McDonald and OHP-SOPHIE data from Boistél. (2009).

4. Discussion and Conclusions

Our HARPS-N spectrum, with its highly reliable wavelenggtiiloration, indi-
cates a heliocentriRV of ~ 15 km/s for most interstellar spectral features. How-
ever, something very interesting is visible in this spactrin Fig. 4 we show that
an evident Doppler structure exists in the interstellad @atl Nal lines, but quite
surprisingly the molecular CH and CHlines do not match th&V of any of the
resolved Call and Nal Doppler components.

The CH and CH lines that we measured do not show resolved radial velocity
structure at the resolution of our data. They are compatilitle two unresolved
components at the radial velocities of the two cloudletstbby Gratieret al.
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Fig. 4. Doppler structure of some interstellar lines, seeRllARPS-N (November 2013) spectrum
of AE Aur. Atomic features are in blue, molecular ones in rBdferent lines are slightly vertically
displaced to make them more distinguishable. Verticaklimark the central radial velocities of the
resolved Doppler components in the Call 3933 A profile.

(2014), as well as with the (substantially matching) norqueidecomposition so-
lution found by Rollindeet al. (2003). If Nal and Call coexist with CH and CH
their features must be weak, and thus blended with othengdroacomponents, in-
distinguishable from them at this resolving power. At lgast molecular features
do not share radial velocities with the evident, strong Deppomponents of Call
and Nal. Our data do not show any trend of change with timeerRNisfor all of
the interstellar lines observed in the spectrum of AE Auis ibteresting that in all
datasets the lines of iron show the larg@stsand that all molecular lines exhibit
the sameRVs Our new spectrum from BOES, compared with the old one (from
2004) shows that radial velocities of Kl lines are systeoadlty larger than those of
CH or CH*. Unfortunately the resolution of BOES is too small to resaven the
Call lines and thus it is difficult to say whether Kl share afyhe well-resolved
Doppler of H and/or K line.

It has been long recognized that the ISM is not in an equilibrstatei.e., inter-
stellar clouds cannot be treated as closed systems. Thefdvabiem for the chem-
istry is how to incorporate the ambient oxygen and carbamnmblecules. Oxygen
is ionized by slow charge transfers with™H while the abundant ion € does
not react rapidly with H. Chemistry may thus proceed by endothermic reactions
C"+H; — CH" +H (AE/k~ 5000 K) and G+ H, — OH+H (AE/k= 3000 K).
CH may be formed through both cold and warm chemistries (fsand Feder-
man 2003). This is consistent with the moderate decline ofli@&lintensities as
compared to those of CH, if indeed chemistry proceeds through non-equilibrium
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routes. This may explain the observed correlation betwedrafd CHt EWs,
with CH consisting of a “warm” part forming together with CHand a remaining
part of “cold” CH, forming through uncorrelated chemicalcimels, resulting in
the non-zero intercept of the best-fitting correlation line

Summing up, the systematic decline, which has been ongaingtout six
years, indicates a sharp drop of the total column densigrsected by the line-of-
sight, on a spatial scale of a few hundred a.u.
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