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VARLATIONS IN THE SPATIAL DISTRIBUTION 0# 11 MICRON
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“The spat1a1 d1str1but1on of 11 m1crqn rad1at10n from o Ceti has
been observed at var1ous phases of 1ts 11ght ryc]e using a steT]ar :
: Jnterferometer. Changes have been-seencwhuch can be attributed to g
g . . ¢
: yariation in the strength of thermal emission from circumstellar dust [
| ¥f4~}' | _ relative to the steilar continuum at 11 microns. These changes.are
shown. to be cor:-elated with the changes ir. Tuminosity of ¢ Ceti in
such a way. that dust grain emission at 11 micronshwas increaSed more
than the continuum during the period of max1mum Tum1nos:ty The~de-
gree of the change in dust grain emission 1mp11es that - the max1mum

0LL9l -
seTouy

dust temperature_ls jn the range of 500 K to 700 K durmng minimum :

stellar Tuminosity.

* This- wo.k was supported in. part by the National Aeronautics and S ace
~ Administration under arant NGL 05-003-272 and in part by the National
Science Foundat1on under grant AST 77-12256. -
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I INTRODYCTION

Long-period variable stars commonly are surrounded by circumstellar
dust shells. Variations in the luminosities 6f these stars wiil oreatly
change the radiative environment of the dust grains; thus it is expected
that variatinns will be seen in the'thgrmal emission from these grains.
Conventional téchniques which might defect such variations inciude mea-
surements of broad-band infrared.colors and also hafrow-band spectro-
photometry in the 8-14u region. Forrest, Gillett, and Stein (1975) have
reported such measurements on o Ceti and several other long-period

variables. They found no evidence for large changes in the strength of. .

“emission From circumsteiTar materisl. = The work reported-in this Letter

~ shows that there are changes in the dust grain emission wivich can be

seen using rather;QTfferent!techniques. These variations are consistent

with the 1imits set by Forrgst, Gillett, and Stein. 7
_‘Interferometric.techniques~in the infrared may be useﬂ:fo determine

diréctiy the rflativerbrightness of circumstellar emissiqg_wjth_respect

to the stellar continuum and also the sizes of these regions of circum-

.'stellar emission {Sutton et al. 1977; McCarthy, Low, and Howell, 1977).

- For this, wavelengths near 11 microns are of particular importance due

to the spectral feature attributed to silicate grains. Spatial reso1u-
tions of existing'instruments at this wavelength are of the order of 1"
which is an appropq1ate sca]e for examining many c1rcumste11ar dust

shells. It is thus-possible to examine var1at1on5 in: therma] em1ss10n

~ from dust around long-period variables in more detail than previous

- _techniques have allowed.

I OBSERVATIONS

The 1nterferemeter used in these observations makes use of the



McMath auxiliary telescopes at Kitt Peak Natitnal Observatory.** The
equipment and techniques used have been descrfbed by Sutton et al. (1977).

During these observations the sensitivities of the heterodyne receivers

were approximately 3 x 10713

]

watts//Hz for an infrared bandwidth of
0.1 em ' at 11.106;.

Observations were made of o Ceti from February 1977 through February
1978, which represents slightly more than one cycle of fhe visible
1ight curve. No observations were possible for several months before
and after May 1977 during which time o Ceti was in the daytime sky.

The overall 1nstrumenta1 calibration, ‘originally based on labora-

tory measurements, was verified by observing the star a Her which has

—.-been.seen. fe Kave no- °‘"n“ic=nt silicate-emission- f“nr"111 and-SEeify e s oo

1976). Thus o Her shou]d behave as a po1nt source since its diameter

is at 1east an order of magnitude smaller than 0. 4”, which was the

.f1nest lobe spacing used. Three observations were made yielding an

average fr1nqe v1s1b111ty of 0.95 ¢ 0.08. Since this result was con-
sistent with unit visibility, no further correct1on was app11ed to the
visibi]ity scale. As a secondary standard, o Ori was_observed with
magimum fesylutioh within a few days of each observation of o Ceti.
The observaﬁions of a Ori were internally consistent.

Figure 1 presents the measured fringe visjbi}iﬁfés for o Ceti.

The phase qupted is with respect to the visible light curve with ¢ = 0

representing'maximum light. Note that Figure lc contains data from two

separate cycles.but at nearly the same phase. . Fiﬁure 2 shows a compar-

ison set of observatxons on a Ori which indicate the f]atnpss of the

: _1nstrumenta1 response,

** Operated by the Associatiori of Universities for Research in Astrononw,
) Inc , under contract with the National Science Foundat10n



IIT RESULTS

The observations have been fitted with a two-component model of
the brightness distribution in which one component is spatially unre-
solved and emits a fraction, f, of the flux at 11u. The other compo-
nent, which contains the remaining 1-f of the flux, was assumed to have
a Gaussian spatial distribution with a full-width to 1/e intensity

given by the parameter 6,. The curves drawn in Figure 1 are the best

9
fits to the data using this model, and the values of f andlog used to
make these fits are listed in Table 1.

_ . 4

" This two-component model was chosen because it was known that

there would be contributions to the 11y flux both from the stellar

—=continuum-and from-dust-graitn-emission: The diameter of the photo=""""" ~ =

spheré"df-Q"Ceti is sufficiently small that the regioﬁ of .stellar con-
.tfﬁuum emission should appear point-like at these resolutions (}abeyrie
et al., 1977). This fé demonstrated by the flatness 6f-the visibility
curves in Figure 1 at high resolution. The component representing dust
grain emission was arbitrarily assumed to have a simple Gaussian spatial
~ distribution. None of the results presented heré are great]y.affected._
by.thwrdetai1ed shape of fhis distribution.
'Tﬁe most ﬁqtfceab]e variation shown in Table 1 is in the parameter

f. Since 1-f.is the fraction of the 11 micron flux contributed by dust
- emission, it is seen that this dust-emission_is_strongest relative to
‘the stellar continuum near a phase of 0.10 or 515ght1y:1atgr;, This
_phase also corresponds to maximum stellar Tuminosity indﬁtating‘thdt
”the_dust-grain_temperg;ures are raised by the increased ste]]at:radiation.

| The da%a in Table 1 also suggést some variation in the spétial ex-

tent of the region of cireumstellar dust emission. The diameter;_uq;



seems to increase together with the strength of dust emission, indicating
that it also may be related to the increased stellar luminosity.

Changes in stellar luminosity may be caused by.changes in either
effective temperature or size. The effecti&e temperature of o Ceti 1is
 thought to undergo a periodic variation from about 2300 K to 2800 K
(Strecker. 1973). This alone predicts a factér of 2.2 change 1in the
total stellar luminosity. Small dfameter changes may also be present,
but Strécker caiculates that the luminosity change is still about a
factor of 2.2. Although this calculation is‘subject to a number of
hncertainties, it is in good agreement with the factor 6f 2.5 variation

in bolometric magnitude observed by Pettit and Nicholson {1933). The

curves fa11-ét a pnase of approximately 0.15 after visible maximum.
Thus the changes in luminosity are of the correct phase to explain the

variatvons in dust grain emission.

The strength of dust emission at 11 microns relative to the

stellar continuum is seen from Table 1 to vary by a factor of 1.8. As

the stellar temperature varies from 2300 K to 2800 K, the 11 micron

- stellar continuum will itself increase by a factor of 1.3. Thus, the

overall change in dust emission is a factor of 2.3. This is to be
compared with the calculated effect of changes in stellar luminosity

on the streﬁgth of dust emission.

| The expectéd magnitude of the variation in dust emission depends
.on the temperature of the grains. It is likely that emission is seen
~from dust.at a variety of distantés from the star and hence at a va-
.}1ety of températures. The maximum temperature pre<ent is Timited by

the cbndeﬁSat1on temperature of the grains, which is approximately

maximum Tn Tuminosity ‘as well as the maxima-of the-3.5p-and Mp.ddght . .
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6.
1000 K for silicate materials (Salpeter, 1977). The actual temperature
of the hottést grains may be considerably lower if grain formation is
inhibited due to difficulties in nucleation, The lowest temperature of
interest is 250 K since dust grains cooler than this will not radiate
strongly at 1lu. Grains at 1000 K and 250 ¥ wi}] change in brightness
by factors of 1.4 and 2.6 respectively when subjected to a factor of

2.2 change in stellar luminosity. The expected variation in brightness

“for the entire dust shell shou]d'1ie between these extremes and'thus

js consistent with the observed factor of 2.3 variation in dust emission.

The observations further indicate that the “radiation must come predom-

~ inantly from grains near the cooler end of this range of temperatﬁfes.

* “Detailed calcuiations have been made for the brightness variation

of an optically thin dust region using sevetal models. It was assumed
that the dust region has an inner radius characterized by some maximum
_temperature for grains in radiative equilibrium and that the dust
density follows a power-law distribution, r'"; outside of this radius.
For grains with a 1/A emissivity spectrum and a maximum temperatﬁre of
1000 K a power-Tlaw giVeh by n = 1.5 is needed to produce the observed
variation. This particular result does not depend strongly on the dust
spectrum. The more: 1ikely density dependence n = 2 requires a'1owef_
maximum temperature petween 500 K and 700 K. ModeTs. with grain density

1.5 or with still lower temperature dust are -

dropping off slower than r~
ruted out in &1l cases since the emphasis on cooler grains would produce
variations in the 11p skell brightness with stellar phase much larger

than those ohserved.

The_observed shell diameter allows a rough deftermination Lo be marde

of the grain emissivity spectrum. The temperature of grains at the inner



boundary of the shell has been shown to be between 500 K and 700 K.
The grain emissivity spectrum determines the distance from the star at
which the grains will be in equilibrium at this temperature. The ob-
served diameter of 0.77 fits the brightness distribution of a mode]
with an emissivity spectrum of approximately /A,

The diameter of the sheli appears to change somewhat with stellar
phase. Such a change is the result of the fact that the cool grains
change 11u brightness faster than hotter grains as the stellar juminos-
ity 1nckeuees. Thus emission at larger distances from the star is em-
__Pphasized as the dust is neeted The mode] W1th a maxlmum qra1n tempera-
ture.of 500 X to 700 K, an r den51ty dependence and a i -1 grain -

emissivity spectrum predicts a 20% increase in dijameter from minimum

- to maximum stellar luminosity. This increase is consistent with the

observed variation within the rather large errors. This apparent size
change need not involve any phyﬁica1 rédistribution of the dust jtself."
Such redistribution is possbee although unlikely within the timescales
involved hefe. | .._

The optical denth of the dust shell can be derived from the bright-
ness of the circumgtellar shell, but it is dependent on all of the papam—
eters of the model. The result for the model 1nd1cated het.e 1s.an
Opt1ca1 depth at 11 microns of approximately O. 02 |

Since the propert1es of this dust mode]l depend rather strongiy on
| fhe observed variation in dust brightness, it is important to consider
other more conventional measurementﬁ which may'be able td detect this
variation, For exemple, the 8-14y spectrum of o Ceti.3hou1d show a
more pronounced silicate emisdion feature atdphases near maximum Tumi-

nosity. Such a variation is suggested in tne'data of Forrest, Gillett,
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and Stein (1975). However, this should be interpreted with caution

since their single spectrum near maximum light predated their other
spectra by several years. In addition, it is possible that such spec-
tra may have been distorted due to phase-dependent changes in the
strength of Si0 absorpt{an bands ‘at 8u suéh as those chahges detected

by Hinkle et al. (1976) in the first overtone bands of Si0 at 4y. TIf
so, as maximum light was approached the 8y absorption may_have weakened
at the same time as silicate emission near 11y was getting strbnger.
Thus the shape of the spectrum over this narrow region may have remained

retatively unchanged. Nevertheless, further investigation of the 8-14n

- spectra of 1ong per1od var1ab]es at various phases may prove fruitful.

Broadband 1nfrared color measurements prov1de additional informa- "~
tion. The observations of Forrest, GT}\ett. and Stein show a variation

of apggoximate]y'o.zm in [Nwl - [8.4u] with the 11y band being re-

* latively brightest at phases between 0.0 and 0.25. As with the spectro-

photométfic measuremnents the effect of Si0 absorption near 8p may be
such as to mask an“inherently much larger variation in {11a] - [8.4u).
Similarly the quantity [11u] - [S;Su] is contaminated by the H, 0 absorp-
tion band at 2.7u. Forrest, Gillett, and Stein observed virtually no

variation in this colar as a function of phase. Yet considering the

q.3" amp]itude of the 2.7n Tight curve observed by Maran et al. (1977)

and the width of the absorption in this region as shown by the data of

Merrill and Stein {1976), it is to be expected that there would be a
variaéion in [3.5p] of approximateﬁy 0.3" solely due to changes in HQO
absorpt1on This effect masks variations in (1) - 3.5u71 which may .

be present due to increased dust emission. Thus the broadband photo-

_metrjc measurements are consistent with the observed increased dust



!

emission at phases near 0.10 although by themselves they are not
sufficient to demonstrate such an increase.

IV SUMMARY

' The observed vaF%étions in the 11 micron brightness distribution

of o Ceti indicate an increasg in both the relative briahtness and

the apparent size of the circumstellar dust shell occurring during

the period of maximum stellar luminosity. These variations can be
understood in terms of changes in the temperature of the dust graing

produced by the known variation in luminosity of o Ceti.

The authors espeéié]ly wish to thank'L. Greenbekg'and A. Harris for
their assistance in making these observations and A. Betz for his help

with the equipment.



PARAMETERS YSED TO FIT FRINGE VISIBILITY

TABLE 1

LQ.

MEASUREMENTS

Fioure Phase .+ f 8y
Ta - 0.75 0.54 + 0.02 *
1b ©0.90 © - 0.54 ¢ 0.02 o"62 + 0.08
Ic 0.11 0.40 & 0.01 0"77 ¢ 0.14
E— o 7, SR Y . WO W L SO0 S N ¢ /3 mm_:dﬁigf$"n-Jﬂm:rﬂﬂn,rnzgnTn

* Undetermined due to

the lack of measurements

at low spatial resolution.



L1,

FIGURE CAPTIONS

Figure 1:' Fringe visibility measurements cf g Ceti at 4 different
phases of its thii':-'é"yé'lzé. Curves drawn are fits using
tﬁe paraméter‘s of Table 1 as discussed in thke text. The
graphs_ are in order of increasing phase centered about

T UFigure 2 Comparison fringe-visibility -measuremente for o Orionis. ..



12.

REFERENCES :

Forrest, W.J., Gillett, F.C., and Stein, W.A. 1975, Ap.J., 195, 423.

‘HinkTle, K.H., Barnes, T.G., Lambert, D.L. and Beer, R. 1976, Ap.J. {Letters),

210, L1471,

Labeyrie, A., Koechlin, L., Bonneau, D., Blazit, A., and Foy, R. 1977,
Ap.J. (lLetters), 218, L75.

Maran, S.P., Heinsheimer, T.F., Stocker, T.L., Anand, S.P.5., Chapman,
R.D., Hobbs, R.W., Michalitsanos, A.G., Wright, F.H., Kipp, S.L. 1977,
Infrared Phys., 17, 565.

_McCarthy, D.W., Low, F.J.. and Howell, R.. 1977, Ap..L.(Letters), 214, L85,

Merrill, K.M. and Stein, W.A. 1976, Pub.A.5.P., 88, 285.
Pettit, E. and Nicholson, S.B. 1933, Ap.J., 2§J 320.
Salpeter, E.E. 1977, Ann. Rey. Astron. Astrophys., 1§, 267.
Strecker, DLW. 1973, Ph.D. Thesis, Univercity of Minnesota.

, ;Sut£pn, E.C., Storey, J.W.V., Betz, A.L., Townes, C.H., and Spears, D.L.

1977, Ap.J. (Letters), 717, L97.



Fringe visiciity

Frlmgo wishilvy

Fritge visioiity

Froaga vieyy

Spalial requenty, 10 d ° 13,
G 1 2 3 A 5
VO i a -7
o Cel (0)
0.8
06 # {
¥
0.4 )
R, p TV
¢ =075 1215 Seplemher 1977 o
al_ I —_
"U_ .- R

[LR)

o
~

=
S

0.2
th =0.90 2-4 MNow whet 1977
ol b
1.6 e i e ; R e
{c)
0t
oo }\+
~
04 b
b

0.2 o 0N 712 Luwiy WE
* & =010 18 lchrwny 1977
1) I I R SR
I'cn‘:“-:.-“ﬁ.i‘ ,._.,. - l - l--......_,ln PR
18]
ae, +\1.
b4
07
th - 024 21 Febaorn, 1778
v R

DU U N
2 i .
lobe spocing, vecends of o

Figure 1

I

AR



_ 7 aandig

l
Vo)
o

AjHjicpisiA .GF‘.JUE.!:{'

1 _ JIDDE OQMO-M
<0 L z
T | _
. ! ~ =
RS AIDRAGa] H7-CF
mm
5= i
mm !
ek
o
]
=3
[an]
S &
(=1
HE .
—
siuoLI) © “
| | " m
¢ . 14 £ A

L [ L
&) ! : £
— PP+ 0Ol "Adusnnall joyodg

e ]

-t

T R i g Y. it v o et e




	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf

