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ABSTRACT 
Further tests of the accretion disk hypothesis for FU Orionis objects are presented. High spectral 

resolution, high signal to noise, 5820-6830 Â and 7500-9370 Â spectra of V1057 Cyg reveal a correlation 
between linewidth and line transition lower excitation potential expected from this hypothesis. The magnitude 
of the effect compares favorably with that predicted by synthetic disk spectra. Additional evidence for pre- 
viously documented spectral type and linewidth versus wavelength correlations is also presented. This kine- 
matic evidence strongly supports the accretion disk hypothesis. 
Subject headings: stars: accretion — stars: individual (V1057 Cygni) — stars: pre-main-sequence 

I. INTRODUCTION 

The FU Orionis objects have been the subject of much 
recent observational and theoretical study in the field of star 
formation. The most notable observational characteristic of 
the class is a 100 fold increase in luminosity, with a rise time of 
several months or years, followed by a slow decline over many 
decades. The best known and studied examples of the class are 
FU Ori and V1057 Cyg (LkHa 190). All known FU Ori objects 
are located within the boundaries of well-known star-forming 
complexes and display strong lithium absorption. Moreover, 
the only preoutburst spectrum of an FU Ori object, that of 
V1057 Cyg, is consistent with that of a T Tauri star (TTS) 
(Herbig 1977). Hence, it seems plausible that the precursors to 
the FU Ori objects are low-mass young stellar objects (YSOs); 
depending on sin i, M* ~ 0.1 — 0.5 M0 is inferred directly for 
the central object in the V1057 Cyg system (Kenyon, Hart- 
mann, and Hewett 1988, hereafter KHH). 

Hartmann and Kenyon (1985, 1987a, b, KHH) propose that 
the rapid increase in luminosity for FU Ori objects results from 
a large increase in the accretion rate, M, through a circumstel- 
lar disk; at maximum light the luminosity of an FU Ori object 
is, in this hypothesis, dominated by the accretion disk. Their 
model follows the formalism of Shakura and Sunyaev (1973) 
and Lynden-Bell and Pringle (1974) in attributing mass and 
angular momentum transport to viscous shear between adjac- 
ent disk annuli, producing radiant energy. The accretion lumi- 
nosity, Lacc, is proportional to the mass accretion rate, and for 
the FU Ori objects, Lacc > L* at all wavelengths, À. The model 
assumes a steady accretion disk (M = constant), which implies 
T oc R-3/4, and an infrared spectral energy distribution with 
ÀFX oc >l“4/3, consistent with the observed distributions for FU 
Ori objects. The accretion rates required by the model for FU 

1 Visiting Astronomer, Kitt Peak National Observatory, operated for the 
National Science Foundation by the Associated Universities for Research in 
Astronomy. 

Ori and V1057 Cyg are M* M ~ (0.5-4) x 10"4 M% yr"1 and 
(0.5-3) x 10-4 M© yr-1, respectively (KHH). 

Hartmann and Kenyon also propose that the absorption 
line spectra of the FU Ori objects arise in the disk 
“photospheres,” whose “effective temperature” reflects the 
local disk temperature. If so, the temperature-radius relation- 
ship (T oc R_3/4) should produce a variation of apparent spec- 
tral type with R. This effect should be observable as a variation 
of spectral type with wavelength : the optical spectrum is pro- 
duced primarily in the hot inner portion of the disk, while the 
infrared spectrum is dominated by the higher surface area, cool 
outer regions of the disk. Two closely related effects should 
also be observable. Because disk material is assumed to be in 
Keplerian motion about the central object, the widths of 
absorption lines should reflect conditions in the regions of line 
formation. Specifically, linewidth is expected to (a) decrease 
with increasing wavelength, since line broadening is greatest in 
the more rapidly rotating inner disk and (b) increase with lower 
excitation potential, since high x levels are significantly 
populated only in the hot, inner disk. 

Hartmann and Kenyon were able to predict the absorption 
line spectrum arising from the disk by assuming that the disk 
can be modeled as an ensemble of concentric annuli, each 
assumed to produce a spectrum identical to that of a star of 
spectral type corresponding to T(R). The contribution from a 
given annulus is taken to be the spectrum of a standard star of 
a temperature fixed by the disk temperature-radius relation, 
scaled according to the emitting area of the annulus, and con- 
volved with the broadening function appropriate to a rotating 
ring. The contributions from all annuli are added to produce 
the final “synthetic disk spectrum.” If the rotation velocity 
(i; sin i) in the region of the disk contributing to the observed 
spectrum is large, significant doubling of line profiles will 
occur, due to the shape of the broadening function for lines 
formed in a rotating annulus. 

The disk temperature-radius relation is determined from the 
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requirement that the broad-band spectral energy distribution 
of the disk fit the observations. Model disk spectra calculated 
in this way yield the expected effects and provide quantitative 
predictions for the linewidth versus wavelength and linewidth 
versus excitation potential relationships (see § III text and 
figures). Observation of these effects would constitute convinc- 
ing kinematic evidence for the presence of circumstellar accre- 
tion disks in the FU Ori objects, and by inference from the 
preoutburst spectrum of V1057 Cyg, many of the T Tauri stars 
(TTS) as well. 

Variation of spectral type with wavelength has been 
observed by several investigators (Herbig 1977; Mould et al. 
1978; Shanin 1979; KHH). The first convincing evidence for 
differential rotation in a circumstellar disk (FU Ori) was pro- 
vided by Hartmann and Kenyon (1987a), and for V1057 Cyg 
by Hartmann and Kenyon (1987h), by comparing optical and 
near-infrared rotational velocities. This paper offers further 
observational evidence for differential rotation, emphasizing its 
continuous nature, and reports the first observation of the 
increase of line width with increasing lower excitation poten- 
tial. 

II. OBSERVATIONS AND DATA REDUCTION 

To examine the linewidth versus lower excitation potential 
hypothesis, we require spectra with wavelength coverage suffi- 
cient to include a statistically significant number of usable 
absorption lines. If useful measurements of line width are to be 
obtained, several resolution elements must span each line. 
Optical absorption linewidths in FU Ori and VI057 Cyg are 
~2 Â (Hartmann and Kenyon 1987a, b). Thus, echelle spectra 
of ~0.3 Â resolution and wavelength coverage of several 
hundred angstroms provide an ideal means of meeting these 
requirements. 

We have used two sets of echelle spectra, spanning the 5820- 
7640 Â and 7500-9370 Â ranges. V1057 Cyg was observed on 
1986 October 15 and December 15 with the 4 m Mayall tele- 
scope of the Kitt Peak National Observatory (KPNO). Spectra 
were obtained with the KPNO echelle and a Texas Instru- 
ments charge-coupled device (CCD). The UV fast camera with 
a 31.6 groove mm-1 echelle grating combined with a 226 
groove mm-1 cross-disperser yields a dispersion of 8.3 Â 
mm-1 at 7500 Â, and 6.4 Â mm“1 at 5820 A. Flat field expo- 
sures were taken to correct for pixel to pixel variations in CCD 
sensitivity. An LED was used to preflash each exposure, guar- 
anteeing a background level sufficient to ensure linear CCD 
response at low light levels. Data was binned 2:1 perpendicu- 
lar to the dispersion axis. 

Initial processing was completed with KPNO’s CCD 
reduction software. The flat field and bias exposures were com- 
bined into single flat field and bias images, respectively. The 
average bias image was subtracted from the raw VI057 Cyg 
image. This bias-subtracted image was then flat-fielded in the 
usual manner for echelle data. 

Further reduction made use of KPNO’s Image Reduction 
and Analysis Facility (IRAF), installed on the Five College 
Astronomy Department’s VAX 11/750 and on the Harvard- 
Smithsonian Center for Astrophysics’ Sun workstations. The 
intensity-wavelength vectors were extracted from the two- 
dimensional images. The 5820-7460 Â wavelength calibration 
was provided by the thorium-argon arc comparison spectrum. 
In the 7500-9370 Â region there are too few lines in our 
thorium-argon arc spectra to produce satisfactory wavelength 
calibration. Wavelength calibration of these data was 

obtained by identifying absorption lines ( ~ 8) in each order of 
a standard star spectrum obtained the same night, determining 
the pixel-wavelength relationship, and applying the results to 
the VI057 Cyg orders. Typical rms deviations between actual 
wavelengths and fitted values are ~0.01 Â (~0.35 km s“1) or 
less. Definition of the rest velocity of the spectrograph system is 
provided by measuring the positions of telluric emission and 
absorption lines. 

Spectra of standard stars were obtained with similar setups 
and reduction procedures. Standards used for comparison and 
modeling in the 7500-9370 Â region, observed 1986 October 
14-15, are 70 Peg (G7 III), € Cyg (K0 III), 39 Cyg (K3 III), 
a Tau (K5 III), and 24 Cap (M0.5 III). Observations indicate 
that V1057 Cyg is a low-gravity object (Herbig 1966) whose 
spectrum is best matched by supergiant standard star spectra 
(Hartmann and Kenyon 1987a, h, KHH). Unfortunately, 
because the 1986 October observing program was focused on 
observations of TTS, the standard stars observed were giants 
and dwarfs; no supergiant spectra were obtained. While 
strengths of model lines may thus be too weak, we note that 
any difference in line broadening between giants and super- 
giants, or between weak and strong lines, will be negligible 
compared to the broadening (~35 km s“1) characteristic of 
the VI057 Cyg lines. Thus, model linewidths will be acceptable. 

We also observed standard stars in the 5120-6930 Â region 
for the purpose of modeling the V1057 Cyg spectrum. Specifi- 
cally, spectra of SAO 22328 (F6 Ib), SAO 22740 (G2 Ib), SAO 
22785 (K5 Ib), SAO 58528 (Ml II), and SAO 58322 (M2 lab) 
were input to the disk model program. These standard stars 
and SAO 22593 (K2 II) were used for spectral type estimation. 
These data were obtained on 1988 January 4-5 at KPNO, 
using setups and reduction procedures similar to those of the 
5820-7640 Â data described above, and have ~0.3 Â 
resolution. In the comparisons between stellar and model 6000 
Â data which follow, we will discuss only the 5820-6930 Â 
overlap region, although the phenomena described are 
observed in the full ranges of both data sets. 

III. RESULTS AND DISCUSSION 

Our first step was to identify all the strong (Wx> 100 mÂ) 
absorption lines in our VI057 Cyg spectra; stellar lines weaker 
than ~ 100 mÂ generally cannot be seen at 3 a confidence, 
owing to line broadening (~35 km s“1) and the finite signal- 
to-noise ratio of our data (~ 100 and ~ 140 per pixel for the 
7500-9370 Â and 5820-7640 Â data, respectively). Line identi- 
fication was accomplished by comparing the VI057 Cyg spec- 
trum with spectra of standard stars, solar spectrum line lists 
(Swenson et al 1970; Moore, Minnaert, and Houtgast 1966), 
and the Revised Multiplet Table (Moore 1959). The region 
around each strong absorption feature was compared with the 
corresponding line in a standard star of comparable spectral 
type (see below) to remove blended lines from the list. Lines 
were deleted if another feature greater than ~ 10% as strong- 
occurred within the FWHM of the typical linewidth in V1057 
Cyg (-1.8 Â). 

High spectral resolution studies have demonstrated that line 
profiles in FU Ori, V1057 Cyg, and Z CMa are doubled, pre- 
sumably due to line formation in a circumstellar disk 
(Hartmann and Kenyon 1987a, b; KHH; Hartmann et al. 
1989). Therefore, having set the local continuum, visual exami- 
nation of line profiles to determine half-intensity points is the 
appropriate method for estimating linewidths. Because profile 
doubling in VI057 Cyg is small, and profiles typically show 
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Fig. 1.—VI057 Cyg linewidths, converted to v sin i, are plotted against lower excitation potential, x, for the wavelength range 5820-6930 Â. The slope is in the 
sense predicted (see text and Table 1), providing kinematic evidence for the presence of a circumstellar accretion disk in the V1057 Cyg system. 

only subtle departures from symmetry, we also fit Gaussians to 
the lines to compare our “ eye estimates ” with more 
“objective” measurements. The Gaussian widths agree well 
with the eye estimation method: the rms deviation is ±3.2% 
per point. In the discussion which follows, we have used the 
eye-estimated values. 

If we are in fact observing disk “ photospheres ” of the FU 
Ori objects, we expect to observe a variation of spectral type 
with wavelength, as discussed in § I. While our spectral type 
estimates are consistent with previous spectral type determi- 
nations (see Kenyon and Hartmann 1988), our standard grids 
are not fine enough for us to make precise determinations for 
either wavelength range. Further, our 7500-9370 Â standards 
are giants (rather than supergiants), the earliest of which is G7, 
too late for us to bracket the spectral type in that range. 

Our primary goal is to investigate the predicted relationship 
between linewidth and lower excitation potential. Figure 1 
shows linewidth versus excitation potential for the optical 
(5820-6930 Â) data; Figure 2 is similar, but for the far red 
(7500-9370 Â) data. These figures provide evidence for the 
effect predicted, namely that the higher excitation potential 
lines are broader in our V1057 Cyg data. Table 1 contains a 
listing of slopes and intercepts for these figures and similar 
figures to be discussed below. These results may be considered 

marginal (2.5 a for the optical and 3.3 <j for the far red), but the 
agreement with theory (see below) is encouraging. We will 
demonstrate that the result is not due to other correlations in 
our data, does not result from unknown bias in our measure- 
ment technique, asymmetries in line profiles, or blending, and 
that the scatter (rms deviation from fit ~2.5 km s-1) is due 
largely to the finite signal to noise ratio of our data. 

First, however, we note that Figures 1 and 2 also provide 
evidence of the linewidth versus wavelength relationship, dis- 
cussed previously by Hartmann and Kenyon (1987a, h). We 
notice that the 5820-6930 Â lines tend to be broader than the 
7500-9370 Â lines, as the intercepts for Figures 1 and 2 (see 
Table 1) demonstrate. We have used the y-intercept rather than 
the mean linewidth to measure this effect because the two line 
lists have significantly different distributions in x (cf Figs. 1 
and 2), which would weight the linewidth estimates incorrectly. 

We have also plotted linewidth versus wavelength directly, 
in Figure 3, including lines in the 6930-7500 Â range. We have 
included only those lines in the 2-5 eV range because the lines 
of largest x tend to be the lines of longest wavelength. This is 
true in both wavelength ranges we observed. Inclusion of the 
high x lines, which tend to be broad, would thus tend to 
conceal the À2/A versus À relationship. We see in Figure 3 that 
linewidth seems to decrease continuously with wavelength 

ß 2 

V1057 Cygni 7500-9370 Ä 

++ 

1 2 3 4 5 6 
Lower Excitation Potential x (eV) 

Fig. 2.—Same as Fig. 1, for the wavelength range 7500-9370 Â 
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TABLE 1 
v sin i versus x Slopes and Intercepts 

Slope <rslope Intercept aint 
Figure Data set (km s 1 eV 1)’ (km s 1 eV A) (km s ^ (km s x) na rh 

1   5820-6930 À data 1.10 0.44 32.4 1.3 45 0.626 
2   7500-9370 Â data 1.16 0.35 29.3 1.4 42 0.628 
4   7500-9370 À 70 Peg -0.04 0.09 8.4 0.4 42 0.120 
5   7500-9370 Â simulation -0.19 0.35 33.6 1.4 42 0.108 
6   5820-6930 Â model 1.19 0.43 31.3 1.3 45 0.566 
7   7500-9370 Á model 1.26 0.35 28.7 1.4 42 0.714 

a n is the number of lines in the data set. 
b r is the linear correlation coefficient for the data. 

over the observed wavelength range. The least-squares slope is 
— 1.5 ± 0.3 km s-7IOOO ^ Similar analysis of model spectra 
(see below) yields the same slope, which corresponds roughly 
to the effect predicted by KHH. 

a) Checks on the Result 
To rule out the possibility that the observed linewidth versus 

excitation potential result is actually a reflection of another, 
more fundamental correlation, we plotted both AÀ/À and x 
versus L As discussed, we expected and found a correlation 
between linewidth and wavelength (Fig. 3). We found no cor- 
relation between excitation potential and wavelength which 
might then lead to the AÀ/À versus x result. 

We performed the following crude simulation to rule out 
systematic error in our measurement procedure as an explana- 
tion for our result, and to investigate the origin of the scatter 
apparent in Figures 1 and 2. We measured the same lines in 70 
Peg (G7) as in V1057 Cyg (in the 7500-9370 Â region); the 
results appear in Figure 4 and Table 1. Because lines in V1057 
Cyg seem well approximated by Gaussians, we next artificially 
broadened the 70 Peg spectrum with a constant velocity-width 
Gaussian and added a spectrum of Gaussian-distributed, zero 
mean random numbers to reproduce (roughly) the line 
broadening and signal to noise in our V1057 Cyg data. Lines in 
the resulting spectrum were measured as for the real data; 
typical results of such tests appear in Figure 5 and Table 1. 
From this experiment we see that the scatter in measured line- 
widths for lines of similar lower excitation potential is consis- 
tent with origin in the finite signal to noise of our data. 

Moreover, no runs of artificially noisy spectra yielded a signifi- 
cant AÀ/À — x relationship. 

Approximately 40% of the line profiles in V1057 Cyg appear 
to be noticeably asymmetric; the most common asymmetry 
(~60% of the 35 asymmetric lines in our list) is an enhanced 
blueward line wing. This is not predicted by the steady disk 
model, but might result from the contribution of a stellar wind 
component. We thus investigated the possible effect of a wind 
component on the measured linewidths. If such a component is 
significant, we expect a correlation between radial velocity, vr, 
and x, since absorption components formed in the wind should 
be manifested more strongly in the lower x lines; because the 
wind is blueshifted relative to the disk, the low x lines should 
appear relatively more blueshifted than the high x lines. No 
correlation is observed, and the rms deviation from zero veloc- 
ity (systemic) is 4.14 km s_1. We performed the same test for 
70 Peg and a rotated, artificially noisy version of 70 Peg. No 
correlation is observed for either. The rms deviations, 1.15 km 
s~1 and 4.95 km s-1, respectively, suggest that the apparent 
line asymmetries in our V1057 Cyg data are consistent with 
origin in the noise in our data (but see below). 

Although effort was made to select isolated lines, some 
blending is undoubtedly present in the lines we used. Because 
weaker lines may be affected by blending more than strong 
lines, we investigated the possible effect of blending in the 
scatter in the previous test by plotting equivalent width. Wx, 
versus radial velocity. There is no apparent correlation, and we 
conclude that blends are not a significant factor in affecting our 
results. We are left with the conclusion that our AÀ/À versus x 

Fig. 3.—This plot of linewidth vs. wavelength for V1057 Cyg includes both data sets (5820-9370 Â, including the 6930-7500 Á range for which we have no 
corresponding model). Lines having lower excitation potential, less than 2 eV or greater than 5 eV have been excluded (see text). 
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70 Peg 7500-9370 Â 
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Lower Excitation Potential x (®V) 
Fig. 4.—Same as Fig. 2, for 70 Peg (G7 III standard star). The small rotation velocity indicated is roughly the instrumental resolution. 

result is best interpreted as a signature of the V1057 Cyg accre- 
tion disk. 

b) Comparison with Theory 
The spectrum of V1057 Cyg has been successfully modeled 

as a luminous accretion disk, as discussed in § I; more detail 
may be found in KHH. To make quantitative predictions for 
the linewidth versus excitation potential relationship, we have 
used the Hartmann-Kenyon model to obtain synthetic disk 
spectra for the 5820-6930 Â and 7500-9370 Â regions, using 
the standard star spectra listed in § II as input. We used the 
same method of analysis and same line list for the model 
spectra as for the V1057 Cyg data. Widths of lines in the model 
spectra are plotted as a function of x in Figures 6 and 7 for the 
5820-6930 A and 7500-9370 Â models, respectively. The slope 
in Figure 6 is 1.19 + 0.43 km s-1 eV-1, compared to 
1.10 + 0.44 km s“1 eV-1 for the corresponding stellar data in 
Figure 1, and the intercept is 31.3 ± 1.3 km s-1 compared to 
32.4 +1.3 km s_1 in Figure 1. Agreement of slopes and inter- 
cepts are similarly good for the 7500-9370 Â stellar and model 
data in Figures 2 and 7 (see Table 1). 

These model data also predict that linewidth decreases with 
wavelength. The intercept for the 5829-6930 model (Fig. 6) is 
31.3 + 1.3 km s“1, while the intercept for the 7500-9370 Â 

model (Fig. 7) is 28.7 + 1.4 km s-1, or 9.1% smaller. However, 
these results are significant at only 1.6 o and 1.4 <r, respectively. 
Moreover, a plot of model linewidths versus wavelength (Fig. 
8) yields a slope of —1.5 + 0.3 km s~ 1/1000 Â, the same as for 
the V1057 Cyg data (Fig. 3). 

Although we find no evidence in our V1057 Cyg data itself 
that a wind component to the absorption lines has significantly 
influenced our AÀ/À versus x result, the sense of (the small) 
departure of the model predictions from the data is qualitat- 
ively consistent with a wind contribution : low x lines may be 
slightly broader in the real object than in the model, which 
does not attempt to include a wind. 

Finally, we compare observed linewidths, v sin i, with those 
predicted by the model directly in Figure 9. We conclude, from 
the unit slope (0.95 + 0.08) and zero intercept (1.2 + 2.8 km 
s"x) of the relationship that this relatively crude representation 
of the V1057 Cyg spectrum provides a very satisfactory fit to 
the observations. 

IV. CONCLUSIONS 

We have shown that the spectrum of V1057 Cyg is charac- 
terized by a relationship between absorption line width and 
lower excitation potential over the 5820-9370 Â range. Our 
observed relationship is in accord with theoretical modelling 

> 

Lower Excitation Potential x (eV) 
Fig. 5.—Same as Fig. 2, for 70 Peg (G7 III standard star) artificially broadened and noised to approximate the V1057 Cyg data. Because a single temperature is 

represented, no significant slope is expected. 
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2 3 4 5 
Lower Excitation Potential x (®V) 

Fig. 6.—Same as Fig. 1, for the 5820-6930 Â model data 

Disk Model 7500-9370 Â 

a n 
> 

. - --H* ít- * - - ' 
+ ++ _ ^ , 

Lower Excitation Potential x (eV) 
Fig. 7.—Same as Fig. 1, for the 7500-6397 Â model data 

VI057 Cygni Disk Model 

1 
•*» 
a 

■o- g. a-t. 

—1— 
6000 6500 7000 7500 8000 8500 

Wavelength (Ä) 
9000 

Fig. 8.—This plot of linewidth vs. wavelength for the V1057 Cyg model includes both data sets (5820-6930 Â and 7500-9300 Â). Lines having lower excitation 
potential, x, less than 2 eV or greater than 5 eV have been excluded {see text). 
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Fig. 9.—Comparison of linewidths {v sin i) in the V1057 Cyg spectrum and 

the corresponding lines in the disk model. 

of V1057 Cyg as a self-luminous accretion disk, whose 
temperature-radius relationship is set only by the observed 
spectral energy distribution. We have also found evidence that 
absorption linewidth decreases continuously with wavelength, 
a relationship also predicted by theory. We conclude that the 

observed line spectrum provides important kinematic evidence 
for the presence of a circumstellar accretion disk in the V1057 
Cyg system. 

The FU Ori objects not only possess luminous active accre- 
tion disks; they are also known to drive powerful winds 
(Croswell, Hartmann, and Avrett 1987). Comparison of stellar 
and synthetic model spectra hints that the wind emanating 
from VI057 Cyg may be affecting the observed absorption line 
spectrum in 5820-9370 Â region. This effect, if real, tends to 
mask, rather than enhance the linewidth versus excitation 
potential relationship. Hartmann and Kenyon (1987a; KHH) 
suggest that FU Ori winds are responsible for the blue- 
enhanced cross-correlation profiles in FU Ori and V1057 Cyg 
at 5200 Â as well. If so, an understanding of these winds and 
their effects is essential for a more complete understanding of 
the FU Ori phenomenon. With that goal in mind, we plan to 
explore the physics of FU Ori winds and disks further in a 
subsequent paper, using spectra of similar resolution, greater 
spectral coverage, and higher signal-to-noise than the present 
data. 
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