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ABSTRACT. We report observations of 2.2-/zm emission from the halo of the edge-on spiral galaxy 
NGC 4244. These observations were made at larger radii from the center of the galaxy and with a 
smaller beam than reported in previous studies. The emission we detected is consistent with the de 
Vaucouleurs rm law, and the mass-to-light ratio given by our measurements at 2.2 jj,m is in good 
agreement with previous results. Our data reveal no evidence for a massive halo of cool objects. 

1. INTRODUCTION 

Dark matter, as defined by Binney and Tremaine 
(1987), is “any form of matter whose existence is inferred 
solely from its gravitational effects.” The determination of 
its nature is one of the foremost unresolved questions in 
extragalactic astronomy. Near-infrared measurements are 
capable of testing the hypothesis that dark matter in ga- 
lactic halos is in the form of low-mass stars and substellar 
objects (brown dwarfs) with effective temperatures in the 
range approximately 300-1500 K and emission maxima 
between 2 and 10 /zm (see Hegyi and Olive 1986, hereafter 
referred to as HO). These objects are sufficiently cool that 
they will escape detection in the visible region, but emis- 
sion from an extended halo of these objects that is ten times 
as massive as the visible galactic disk should be detectable 
at 2.2 /zm (Kband). Searches at longer wavelengths closer 
to the Planckian maximum for these objects are limited by 
the thermal background radiation from the telescope and 
atmosphere, while those at shorter wavelength are compro- 
mised by OH airglow emission and decreasing source 
brightness. The K band offers a good compromise between 
source and background brightness for ground-based stud- 
ies. 

A recent review of observational searches for massive 
dark halos in spiral galaxies (Van der Kruit 1987) lists 
several edge-on candidates that have been studied in the 
visible and near infrared wavelengths. These searches have 
virtually eliminated main-sequence stars as a major con- 
stituent of massive galactic halos (e.g., Hohlfeld and 
Krumm 1981; Boughn et al. 1981). The most recent search 
was conducted by Skrutskie et al. ( 1985; hereafter referred 
to as SSB), who examined the three late-type spiral galax- 
ies NGC 2683, NGC 4244, and NGC 5907. The primary 
advantage of conducting such searches using late-type spi- 
ral galaxies is that they do not have a large (visually 
bright) central bulge component in comparison with the 
total mass of the galaxy inferred from rotation curves mea- 
surements. In this paper we report new results on the halo 
of NGC 4244 obtained using a novel beam-switching tech- 
nique. These results extend the 2.2-fim observations of the 
halo to larger galactocentric distances and with a smaller 
beam than studied by SSB. The advantage of using a 

smaller beam is a lower chance of contamination by a 
bright (but optically invisible) star in the beam and less 
effect of the surface brightness gradient in the halo on the 
effective location of the radial position of the beam. 

2. OBSERVATIONAL TECHNIQUE 

Previous studies have been confined to distances of less 
than 2' from the centers of galaxies. The computer tele- 
scope control and data-acquisition system at the Wyoming 
Infrared Observatory afforded us the opportunity of ob- 
taining long-term stability in the tracking and positioning 
of the telescope so that we could consider a modified beam- 
switching technique to detect halo emission from edge-on 
spiral galaxies at large galactocentric distances. The tech- 
nique tests for emission from portions of the halo that are 
symmetric about the nucleus, but separated by large dis- 
tances on the sky in such a way that the galactic plane and 
bulge do not contaminate the measurement. 

Figure 1 illustrates the method of beam switching we 
devised for background subtraction in this experiment. 
Normal infrared beam-switching photometry is accom- 
plished by placing the reference beam alternately to either 
side of the source beam by a fixed amount called the 
“throw” that is generated by rocking the secondary mirror 
of the telescope. Because there are physical limitations on 
the amplitude and direction of the throw that can be 
achieved by most rocking secondary mirrors [about 3' in 
the north-south direction on the Wyoming Infrared Ob- 
servatory (WIRO) system], the normal beam-switching 
procedure will result in significant contamination from the 
inner halo and galactic disk in one of the reference beams. 
Our technique is to alternately integrate on geometrically 
symmetric “source” positions above and below the galactic 
disk that place the corresponding reference beams away 
from the galactic disk. Assuming, as do virtually all exist- 
ing models of the halo mass distribution, that the dark halo 
is spherically symmetric, beam switching in this fashion 
will produce a signal equal to the average of those gener- 
ated at the two source positions. Specifically, as shown in 
Fig. 1(a), the signal S is given by 

S=2(Gl — G1) + — (B^+B^) ~2(G^ —G2), 
(1) 
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Fig. 1—Our method (left) of chopping and offsetting the telescope beam 
to measure the galaxy halo with a limited chopper throw, and (right) the 
conventional chopping method for point sources. The galaxy contribution 
is indicated by the letter G and the telescope and sky background is 
indicated by the letter B. 

where Gl 2 are the galactic-halo signals at positions 1 and 2, 
respectively, and Bm >N2 ShS2 are the sky background signals 
at the two north and two south positions, respectively. The 
telescope computer control system enabled us to drive the 
telescope rapidly and accurately between positions G{ and 
G2 to accomplish this measurement routinely for many 
hours of integration time. 

If the surface brightness of the halo is decreasing as a 
function of galactocentric radius, the technique will result 
in a positive signal, and the correction to be applied for 
halo contamination in the reference beam will depend on 
the surface brightness distribution. For example, if the halo 
surface brightness decreases as r~\ the average source 
strength of the galactic halo at Gl will be given by 

AT{Gx-G2) 
1 (4 T-D) ’ (2) 

where T is the throw in arcseconds and D is the beam 
diameter in arcseconds (see Gehrz and Ney 1992). Thus, 
any positive detections obtained by this technique provide, 
at a minimum, evidence for gradients in the surface bright- 
ness distribution of the halo. 

Our 2.2-/zm (K) observations of NGC 4244 were ob- 
tained on 1989 March 15 UT and 1989 April 13-14 UT on 
the 234-cm telescope of the WIRO. All of the measure- 
ments were made using a multiple-aperture, large-beam, 
1-5-jum InSb photometer developed at the University of 
Minnesota by Bergstrom (1989, 1990). We used a zero- 
magnitude flux of 3.92 X 10“14 for the K filter to determine 
the flux calibration for our observations. The measured 
sensitivity of the detector and electronics for a chopping 
frequency of 7.5 cycles per second was 5 X 10“17 W Hz-1/2 

with the detector blanked off (zero magnitude corresponds 
to 2.0X 10“10 W on the detector). The system was back- 
ground limited at K on the Wyoming telescope for aper- 
tures larger than 3" in diameter. Our experiment employed 
an aperture diameter of 26"7 and a chopper throw of 104" 
between the source and reference beams. 

Fig. 2—Photograph of NGC 4244 with circles drawn to indicate the 
location of several beams for each of the four galactocentric radii mea- 
sured (original photograph from Sandage and Bedke 1988). 

3. GALAXY AND REFERENCE FIELD SELECTION 

A good use of the observing technique described above 
was afforded by the Scd galaxy NGC 4244 because of the 
orientation of its edge-on disk on the sky (see Fig. 2) and 
the relative paucity of foreground stars that could cause 
contamination in the reference beams. We will assume, as 
did SSB, that the rotation curve is flat well beyond the 
Holmberg radius, although Bosma (1981) had suggested 
that the rotation curve was falling. 

Figure 2 shows the positions in the halo of NGC 4244 
that we selected for the placement of our 26"7 beams. The 
beam positions were initially chosen to avoid obvious con- 
tamination by foreground stars in either the source or ref- 
erence beams by examination of the POSS O plate. Any 
star brighter than K= +16 mag, but too faint in the visible 
to be seen on the POSS plates, could be detected with our 
InSb system after just a few minutes. In one instance we 
had to adjust our initial beam positions by offsetting the 
telescope by a few arcseconds to eliminate the source of 
confusion. 

There remains a small but finite probability that faint 
unidentified foreground stars were present in one or more 
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Table 1 
Observed Surface Brightness 

Corrected for an rl/4 Law 
Radius Correction Corr. mean Error fiK 
(arcsec) factor (Wcm_2/xm_1) (Wcm-2/zm-1) (mag arcsec-2) 

0 
125 
140 
173 

Radius 
(arcsec) 

1.00 
1.31 
1.35 
1.44 

Correction 
factor 

1.55X10 
2.2 X10 
5.2 xlO- 
3.4 X10 

21 
-21 

7.5X10- 
6.5X10- 
4.3X10- 
3.3X10- 

17.88 
22.49 

Corrected for anr- Law 
Corr. mean Error \lk 

(Wem-2(Wcm-2/um1) (magarcsec-2) 

0 
125 
140 
173 

1.00 
2.20 
2.35 
2.66 

1.55X10-18 

3.7 X10-20 

9.1 X10-21 

6.2 X10-21 

7.5 X10-20 

1.1 X IO-20 

7.6X10-22 

6.0X10-21 

17.88 
21.93 

of the beams. We used a model for the 2.2-/xm source 
counts in the Milky Way (Garwood and Jones 1987) that 
included M dwarfs to estimate the probability of obtaining 
erroneous results by our technique due to faint unidentified 
infrared stars not visible on the POSS plates. No attempt 
was made to estimate the effect of background extragalac- 
tic sources since their density is very low and no detailed 
model regarding their spatial distribution exists. The pre- 
dicted number of K sources brighter than 25th magnitude 
is —0.7 in the solid angle subtended by the four 26''7 
beams used in our technique. However, single objects 
fainter than 18th magnitude falling within the beams 
would result in an error of less than 0.8cr for the integration 
times used in our study. Stars brighter than 16th magni- 
tude were eliminated from the fields as described above. 
Thus, only stars between 16th and 18th magnitude at K 
prove to be a serious potential source of contamination. 
The Garwood and Jones model predicts that the probabil- 
ity that one such object will fall within four beam diame- 
ters is less than 5%. We conclude that contamination by 
foreground stars is unlikely to have a significant effect on 
our data. 

4. ANALYSIS AND RESULTS 

The results presented in Table 1 are based on data taken 
on three nights when the sky emission was low and stable, 
and at positions on the sky where our data were not subject 
to obvious contamination by unidentified stars. Only once 
was it necessary to change the chop length to avoid con- 
tamination of a field star (which showed up immediately 
within a few integrations, but was not visible on the Pola- 
mar Sky Prints). On nights when airglow was strong, the 
entire night was discarded as a result. In essence, the re- 
ported results represent the lowest signal levels we were 
able to measure. 

Each integration, or beam difference, was 20 s, 10 s in 
each beam with beam switching taking place every 20 s 
(commonly referred to as ABBA beam switching). There 
was a built-in pause of 2 s after a beam switch to allow the 
telescope to move and settle (typically taking 1 s). A total 
of 32 integrations (640 s) were taken before checking the 

telescope pointing or measuring the standard. One set of 32 
integrations constituted 1 observation. The result for r 
= 125" is the average of 4 observations and the result for 
r= 140" is the average of 6 observations. For r= 173", 23 
observations were made over 2 nights for a total of 4 hr of 
integration time. One of the 23 observations was discarded 
due to voltage spikes in the instrumentation. For r= 173", 
the average of the standard deviations for each of the ob- 
servations (obtained from the 32 individual 20-s integra- 
tions) was within 5% of V32 times the standard deviation 
computed from the distribution of the 22 observations. 
This indicates that the sky background noise was reason- 
ably steady over the observing time and that individual 
observations can be considered to have the same parent 
distribution. 

A correction for the finite chopping amplitude is re- 
quired because the chopping amplitude was exceeded by 
the size of the galactic halo. Thus, halo signal in the ref- 
erence beam is subtracted from the signal in the main beam 
as if it were a sky background. Determination of the cor- 
rection to the measured difference signal needed to obtain 
the signal in the main beam requires knowledge of the 
radial gradient in the surface brightness of the halo. We 
considered two cases for the radial dependence of the halo 
surface brightness. First, we used the well-known de Vau- 
couleurs r1/4 law (de Vaucouleurs 1959) which was nor- 
malized to the inner halo surface brightness distribution 
given by SSB. The best fit was obtained by offsetting the 
SSB data by 10" in the minor axis direction to provide 
symmetry with the galactic center. Considering that SSB’s 
beam was 48" in diameter, this slight asymmetry suggested 
by their data is probably not significant. We found that a 
good fit to the data under these assumptions was given by 

fi(r) =8.325 + Q , (3) 

where /¿(r) is the surface brightness distribution in K 
mag arcsec-2, r,= 140 arcsec is the effective radius, and 
Cj = 23.05 is a constant offset level equal to the surface 
brightness at r=re. Given the position in the halo and the 
chop amplitude, this curve fit can be used to estimate to 
first order the reduction in signal and the corresponding 
correction factor to the measured difference signal in order 
to obtain the full signal from the halo. 

The second form of the radial brightness distribution we 
considered was a simple r~l law. For this brightness dis- 
tribution the flux falls off more slowly with distance from 
the nucleus than for the de Vaucouleurs law. Conse- 
quently, there is a larger flux present in the reference beam 
and a larger correction must be made to obtain the true 
flux [see Eq. (2)]. The results for the r~x case are also 
given in Table 1. 

In our analysis, we have assumed that the halo distri- 
bution is azimuthally symmetric. Under this assumption, 
we can combine the SSB detections obtained along a line 
perpendicular to the plane of the galaxy with our observa- 
tions taken along a line oriented at 45° to the plane of the 
galaxy. Figure 3 plots the data from SSB and our data from 
Table 1. The top panel in Fig. 3 plots our data reduced 



698 BERGSTROM ET AL. 

rV4 (arcseci/4) 

r1/4 (arcsec1/4) 

Fig. 3—Top panel: Radial surface-brightness distribution of NGC 4244. 
The solid circles and arrows are our data, corrected assuming a halo 
surface brightness that follows a de Vaucouleurs r1/4 spheroid. The solid 
line corresponds to an r1/4 law, convolved with our beam, and normalized 
to the data point at the nucleus. The dashed line is an r~l law also 
convolved with our beam and normalized to the data at r=0. The open 
triangles and arrows are observations from SSB. Bottom panel: Same as 
above, except our observations were reduced assuming an r~1 law for the 
halo surface brightness. 

with the assumption of an r1/4 law, and the bottom panel 
plots the data assuming an r~x law. The solid line in both 
figures is an rl/4 law, convolved with our beam. The dashed 
line is the r~l law, also convolved with our beam. The 
overall level of the two model lines were normalized to the 
data point at the nucleus. 

As seen in Fig. 3, if the data are reduced assuming a 
simple rl/4 spheroid, the observations are entirely consis- 
tent with this assumption. The simplest interpretation of 
our results is that the halo of NGC 4244 as seen at 2.2 /zm 
behaves like a normal de Vaucouleurs spheroid out to a 
radius of 200 arcsec. In both figures the observations at 
large radii fall well below the r~1 law. In the bottom panel, 
the addition of an r~l component onto the rl/4 spheroid 
beginning at a radius of about 50 arcsec is not ruled out by 
our observations. Such a composite radial profile is, how- 
ever, inconsistent with the SSB data at large radii. 

5. DISCUSSION 

The mass-to-light (M/L) ratio in the K band at a radius 
of 2.2 kpc for NGC 4244 was estimated by SSB to be 33 on 
the basis of their data, which extended to galactocentric 
radii of 123". For comparison, we will assume the^same 
values as did SSB for the maximum rotation velocity Fmax 

(110 km s-1) and distance D (3.7 Mpc). These values are 
within 10% of other published results (e.g., Sancisi 1976; 
Bosma 1981; and Huchtmeier and Seiradakis 1985). SSB 
consider the case where a dominant spherically symmetric 
halo produces the flat rotation curve. Assuming a constant 
M/L ratio, this implies that the surface brightness of this 
massive spheroid (if it is luminous) would be proportional 
to r~1. 

A flat rotation curve for a spherically symmetric mass 
distribution gives M(r) = ( V^a/)/G where M(r) is de- 
fined by the integrating dM/dr=Airr 2p(r). It can be 
shown that p(r) is given by 

p{r) = 
V2 r max 

4777* 2G ’ (4) 

which can be integrated along the line of sight through the 
spherically symmetric halo to obtain the mass column- 
density distribution 2(a*). This result can be compared to 
the measured surface brightness distribution [Eq. (3) for 
example]. We obtain 

2(r)=^=5.8xl0<^Mokpc-'. (5) 

For NCG 4244, in the spherical halo, 

7.0 X108 

2W=7(kiö'M®kpc"- (6) 

At a galactocentric radius of 3.1 kpc (173"), 2(r) = 2.3 
X108 Af0kpc_1. The 3a upper limit (above zero, not 
above the mean) to the surface brightness at this radius is 
23.32 K mag arcsec-2 (Table 1 ). Assuming the absolute K 
magnitude of the sun is 4/^= 3.41, the observed 
surface brightness at this position is ju(3.1 kpc) 
= 1500 Lqk arcsec-2=4.7 X 106 LQK kpc-2. For the mass- 
to-light ratio we have 

2(r) 

w/L)'=W)- (7) 

Therefore, the 3 a lower limit for the mass-to-light ratio 
Af0/Z,0Ar at 3.1 kpc is 49, which is in good agreement with 
the value derived by SSB at 2.2 kpc (SSB used an upper 
limit of (x) + 3a). 

An r~1 surface brightness curve is also shown in Fig. 3. 
Because the measured results are falling faster than r~\ 
using this relation to extrapolate the surface brightness to 
larger radii would obviously overestimate the luminosity at 
larger radii, and underestimate the M/L ratio there. How- 
ever, if the rotation curve remains flat at larger radii, then 
the surface mass density must continue to fall off only as 
r-1. Thus, the value of 45 would appear to be a lower limit 
to the M/L ratio of an extended halo. 
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This result relies on the assumption that the rotation 
curve (which is measured in the disk) is strongly influ- 
enced by the hypothesized massive halo at galactocentric 
radii in the range of our observations. The sensitivity of our 
IR measurement is not sufficient to approach the Holm- 
berg radius; in fact, the largest radius at which we have 
measurements (3.1 kpc) is near the point where the rota- 
tion curve flattens. If, at 3.1 kpc, the disk mass makes a 
substantial contribution to the measured rotation curve ve- 
locity, then the contribution of the spheroid to the mass 
density within this radius must be reduced from our esti- 
mate. Essentially, this means reducing the value for Fmax in 
Eq. (6), and correspondingly reducing the value we have 
derived for M/L. 

The measured M/L ratio can be compared with obser- 
vations for various interesting objects and populations pro- 
posed for galactic halos. For example, the M/L ratio for a 
typical M5 dwarf and for the very low-mass star VB 10 are 
9.6 and 35 Mq/Lqk, respectively (van der Kruit 1987). 
Thus, if there were a massive halo with an r~1 surface mass 
dependence, its composition is unlikely to have a major 
fraction of its mass in hydrogen burning stars. In fact, HO 
computes M/L at K in solar units as a function of the slope 
x, of the initial mass function (IMF). The ratio is only 
slightly dependent on the assumption of the minimum 
mass for substellar objects. For our observed M/L lower 
limit of 45, the results of HO indicate x > 1.8 which is not 
at all consistent with observed populations. For example, 
globular clusters and elliptical galaxies can be fitted by 
x<1.35 (Aaronson et al. 1978; Frogel et al. 1980) and 
other more restrictive populations with x < 1 have been 
found (see Mihalas and Binney 1981; HO). In the final 
analysis, the fact that our observations are most consistent 
with a normal de Vaucouleurs spheroid, suggests that the 
population of objects shining at 2.2 /zm in the halo at a 
radius of 3.1 kpc in NGC 4244 are normal halo stars. 

6. SUMMARY 

We have made Ä'-band measurements of the halo emis- 
sion from the edge-on spiral galaxy NGC 4244 40% fur- 
ther in galactocentric radius and with a smaller beam than 

previous studies. No evidence was found for a massive lu- 
minous halo. The observed surface-brightness distribution 
is consistent with de Vaucouleur’s r~UA law expected for a 
conventional halo population of normal stars. Our results 
support the view that the constituents of galactic halos, 
assuming that dynamical arguments demand their exist- 
ence, must be very subluminous. 
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