
Astronomy Lead-In

Can Small Satellites be used to do 
Astronomy?

Stephen Murray
Space Telescope Science Institute

and
Johns Hopkins University

Keck Institute for Space Studies July 18, 2012



Disclaimer

«X-ray Astronomer - Bias

«Long wavelength not covered - previous workshop Steve Unwin
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Decadal Survey

«New Worlds New Horizons Priorities
• WFIRST - IR Survey
• Explorer Program - Increased Budget
• IXO - International X-ray Observatory (with ESA)
• LISA - Laser Interferometer Space Array (with ESA)

«All large missions, observatories, facility class
• Science goals stretch capabilities to their limits
• Can not be achieved with smaller missions

«Leaves open focused, niche science to complement the flagship 
missions

«If we are smart and clever the answer is YES!
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Why Do Astronomy from Space ?

«Space is better!
• Atmospheric transmission
• “Seeing”
• Weather 
• Continuous viewing
• Field of regard, over time all sky

•
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Other Considerations

«Why not do astronomy from 
space?
• Cost, Cost, Cost ...
• Risk and Complexity
• Long time, low rate

«Are there advantages to small 
missions?
• Faster
• Education/Training
• Lower ‘overhead’ on a small 

(low cost) mission
• Less management
• Technical Readiness Level 

(TRL)
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Technology Readiness Levels

• TRL 9: Actual system flight proven through successful mission 
operations.

• TRL 8: Actual system completed and “flight qualified” through 
test and demonstration.

• TRL 7: System prototype demonstration in an operational 
environment.

• TRL 6: System/subsystem model or prototype demonstration in 
an operational environment.

• TRL 5: Component and/or breadboard validation in relevant 
environment.

• TRL 4: Component and/or breadboard validation in laboratory 
environment.

• TRL 3: Analytical and experimental critical function and/or 
characteristic proof of concept.

• TRL 2: Technology concept and/or application formulated.

• TRL 1: Basic principles observed and reported.

System Test, 
Launch & Mission 
Operations

System/ 
Subsystem 
Development

Technology 
Demonstration

Technology 
Development

Research to 
Prove 
Feasibility

Basic 
Technology 
Research

TRL 9TRL 9

TRL 8TRL 8

TRL 7TRL 7

TRL 6TRL 6

TRL 5TRL 5

TRL 4TRL 4

TRL 3TRL 3

TRL 2TRL 2

 TRL 1 TRL 1

Actual system flight proven through 
successful mission operations.

Actual system completed and 
“flight qualified” through test and 
demonstration.

System prototype demonstration in 
an operational environment.

System/subsystem model or 
prototype demonstration in an 
operational environment.

Component and/or breadboard 
validation in relevant environment.

Component and/or breadboard 
validation in laboratory 
environment.

Analytical and experimental critical 
function and/or characteristic proof 
of concept.

Technology concept and/or 
application formulated.

Basic principles observed and 
reported.



Photon Hungry (Starved) Science 

«Over most of the EM band, detector 
efficiency is approaching 100%, only 
small gains are possible

«Optic performance varies widely with 
band, e.g. in visible reflectivity and 
transmission are very good, in UV 
there is a lot of room for 
improvement (factors of a few at 
least)

«The real way to get more photons is 
to have larger apertures, i.e., BIG 
telescopes

«SMALL telescopes need to fill a 
niche that will not be done by the big 
missions
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VIsible and Near IR Fluxes

«There are few really bright astronomical objects
• ~6,000 stars as bright as mv = 6 (explain this?)

• Flux from mv = 6 star is ~3,500 photons s-1 cm-2

• Sun, moon really bright, solar system planets less
• Some transient events are bright - Novae and Supernovae but rare
• Stars in nearest galaxy are already very faint, but total light is not

«Typical Photon Rates

«Sky Background
• ~22-23 mag/arcsec2

«Hard for small missions to study faint objects, and few bright ones
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Band Central 
λ (µm) Δλ/λ Jy 

(m=0)
ph s-1 cm-2 

(m=6)
ph s-1 cm-2 

(m=18)
ph s-1 cm-2 

(sky)

U 0.36 0.15 1810 1,630 2.6x10-2 1.6x10-2

B 0.44 0.22 4260 5,630 8.9x10-2 2.9x10-2

V 0.55 0.16 3640 3,500 5.8x10-2 4.4x10-2

R 0.64 0.23 3080 4.260 6.7x10-2 2.7x10-2

I 0.79 0.19 2550 2,910 4.6x10-2 1.8x10-2

J 1.26 0.16 1600 1,540 2.4x10-2 1.0x10-2

H 1.60 0.23 1080 1,490 2.4x10-2 1.0x10-2

K 2.22 0.23 670 930 2.0x10-2 0.8x10-2



Example

«How faint a star can be monitored with a small telescope to look 
for Earth-like planet?

«Assume a very broad band with from 400-800 nm and a total 
optical efficiency of 70%

«‘CubeSat’ primary ~8.5cm diameter => 40 cm2 (includes efficiency)
«Detected photon rates:

«For Earth-like planets, typical dip is >0.01% (radius 1/10 Jupiter)
• Need >1/10,000 precision => 3x108 counts/measurement
• Transits are ~10 hours long

«Hard if fainter than mv~7, super-Earths easier (3x)
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mv ph cm-2 s-1 cts s-1 t(3-σ) s
6 18,000 720,000 420

7 7,150 286,000 1,050

8 2,850 114,000 2,625

9 1,150 46,000 6,525

10 450 18,000 16,650



Signal to noise problem 

«Alternative to large area is long observation time
• Can go fainter, but becomes background limited

• Mainly sky background
• SNR only increases as t1/2

«Main background is the sky (dark current and read noise are 
assumed to be small)

«Typical integration time for 5σ detection is ~30 minutes to reach 
18-th magnitude in most of the optical NIR bands 

«There are thousands of AGN this bright
• Time resolution depends on the flux, many objects vary on short time 

scales and need high flux to get past shot noise
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SNR = S/
q
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B = S/
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Spectral Energy Distribution (SED)

Radio-loud, Radio-quiet: quasars that 
look virtually identical at all other 
wavelengths can differ by a 1000 in 
their radio emission. Radio-loud 
quasars have a powerful jet moving 
at relativistic speeds (i.e. close to the 
speed of light) made up of energetic 
particles, themselves moving near 
the speed of light in a magnetic field. 
This causes them to radiate light by 
the synchrotron process.

Big Blue Bump: This feature 
dominates the quasar emission by a 
modest factor. It is likely due to 
emission from an accretion disk 
around the central supermassive 
black hole that has a range of 
temperatures from ~100,000K to 
~1000K.

Horizontal line: shows equal power per decade [or octave, or any equal sized 
division in log(nu)]. A quasar keeps its power output almost constant from the far-
infrared (100mu) to X-rays (10keV), with excursions of only a factor of a few.





AGN Variability
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Table 6
Photometry

Object UT B Band V Band

Date HJD B error FWHM HJD V error FWHM
−2454000 (mag) (mag) (arcsec) −2454000 (mag) (mag) (arcsec)

Mrk 142 2008 Feb 10 506.9393 16.055 0.018 3.5 506.9473 15.860 0.013 3.7
Mrk 142 2008 Feb 18 514.7661 16.027 0.018 3.5 514.7742 15.815 0.013 3.2
Mrk 142 2008 Feb 27 523.8112 16.040 0.018 4.2 523.8193 15.835 0.013 4.0
Mrk 142 2008 Feb 27 523.9006 16.057 0.018 3.8 523.9085 15.837 0.013 3.6
Mrk 142 2008 Feb 29 525.7402 16.024 0.018 2.8 525.7496 15.814 0.013 2.4

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding
its form and content.)

Figure 8. Arp 151; see Figure 6 for description.
(A color version of this figure is available in the online journal.)

In most cases, Fvar and Rmax are higher in the B band than in the
V band, probably due to the larger host-galaxy contribution that
remains in the V band.

5.1.1. Contribution to the Variability from Broad Emission Lines

For the objects in our sample, the Hβ and Hγ emission lines
contribute of order 10% to the measured AGN B-band flux.
The flux of both the broad Hβ and Hγ lines varies throughout
the campaign, and thus some of the variability seen in the
photometric B-band light curve is due to the variability of the
emission lines, and is not part of the continuum variability. For
example, if the broad emission-line flux varies by 10%, we
expect the effect of the broad emission-line variability on the
variability of the photometric light curve to be small, of order
1%.

We estimated the size of this effect in Arp 151 by subtracting
the Hβ and Hγ spectroscopic light curves (determined through
the spectroscopic campaign; see Paper III for the Hβ light curve)
from the photometric B-band light curve. Before performing the
subtraction, we created a modified photometric light curve by
averaging together all photometric AGN measurements taken
on a single night, and removed measurements that were taken

Figure 9. Mrk 1310; see Figure 6 for description.
(A color version of this figure is available in the online journal.)

on nights when spectroscopic measurements were not made
as well. We converted the photometric AGN measurements
into flux units. We also scaled the Hβ and Hγ spectroscopic
light curves so that the measurements would represent the
integrated flux of the emission lines as measured through a
Johnson B-band filter. Finally, we subtracted the scaled Hβ and
Hγ spectroscopic light curves from the modified photometric
light curve, producing a light curve with variability that is
independent of the Hβ and Hγ broad-line variability. We
measured the variability characteristics of the resultant light
curve, finding that Rmax = 1.80 and Fvar = 0.19. These values
can be compared to the variability characteristics, Rmax = 1.79
and Fvar = 0.19, measured from the modified photometric light
curve. This verifies that the effect of the emission-line variability
on the variability of the photometric B-band light curve is small,
less than 1%. Since Arp 151 is one of the most highly variable
objects in the sample, we expect the effect of emission-line
variability on the variability of the photometric light curves to
be smaller in the other objects. The broadband V filter contains a
similar contribution of flux from the Hβ line (about 6% for Arp
151) as the B-band filter, so the emission-line variations will not
contribute significantly to the V-band photometric variability.
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on nights when spectroscopic measurements were not made
as well. We converted the photometric AGN measurements
into flux units. We also scaled the Hβ and Hγ spectroscopic
light curves so that the measurements would represent the
integrated flux of the emission lines as measured through a
Johnson B-band filter. Finally, we subtracted the scaled Hβ and
Hγ spectroscopic light curves from the modified photometric
light curve, producing a light curve with variability that is
independent of the Hβ and Hγ broad-line variability. We
measured the variability characteristics of the resultant light
curve, finding that Rmax = 1.80 and Fvar = 0.19. These values
can be compared to the variability characteristics, Rmax = 1.79
and Fvar = 0.19, measured from the modified photometric light
curve. This verifies that the effect of the emission-line variability
on the variability of the photometric B-band light curve is small,
less than 1%. Since Arp 151 is one of the most highly variable
objects in the sample, we expect the effect of emission-line
variability on the variability of the photometric light curves to
be smaller in the other objects. The broadband V filter contains a
similar contribution of flux from the Hβ line (about 6% for Arp
151) as the B-band filter, so the emission-line variations will not
contribute significantly to the V-band photometric variability.
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Figure 18. NGC 6814; see Figure 6 for description.
(A color version of this figure is available in the online journal.)

Table 7
Variability Statistics

Object B Band V Band

(1) 〈f 〉 σ Fvar Rmax 〈f 〉 σ Fvar Rmax
(mJy) (mJy) (mJy) (mJy)

(2) (3) (4) (5) (6) (7) (8) (9)

Mrk 142 1.57 0.05 0.03 1.17 1.64 0.04 0.02 1.12
SBS 1116+583A 0.66 0.07 0.10 1.63 0.80 0.07 0.08 1.47
Arp 151 0.89 0.14 0.16 1.83 1.22 0.14 0.11 1.54
Mrk 1310 0.44 0.05 0.12 1.70 0.65 0.05 0.07 1.39
Mrk 202 0.89 0.04 0.04 1.20 1.40 0.04 0.03 1.18
NGC 4253 2.35 0.08 0.03 1.17 3.97 0.11 0.03 1.15
NGC 4748 3.96 0.22 0.05 1.22 4.80 0.22 0.04 1.18
IC 4218 0.51 0.05 0.09 1.42 0.78 0.06 0.08 1.52
MCG-06-30-15 1.40 0.06 0.04 1.19 2.59 0.10 0.03 1.21
NGC 5548 1.97 0.17 0.08 1.39 1.87 0.18 0.09 1.40
Mrk 290 2.33 0.09 0.04 1.23 2.98 0.08 0.02 1.12
IC 1198 1.42 0.06 0.04 1.22 1.82 0.07 0.03 1.21
NGC 6814 5.15 0.92 0.18 1.83 5.40 0.79 0.14 1.68

Notes. Columns 2–5 list the mean flux (〈f 〉), the rms variation (σ ), the
normalized excess variance (Fvar), and the ratio of maximum to minimum fluxes
(Rmax) for the B band. Similarly, Columns 6–9 list the variability characteristics
for the V band. Magnitudes given in Table 6 were first converted to fluxes using
the calibration of Vega in the Johnson system before calculating the variability
statistics.

In Figure 19 we present the CCFs for each of the objects, as
well as the B-band autocorrelation function.

We do not find significant positive or negative lags between
the variations of the B- and V-band light curves for any of
the objects in the sample. We measure both positive and
negative lags that range up to a few tenths of a day, but these
measurements all have < 1σ significance since they are well
below our nightly sampling cadence, and hence are all consistent
with zero lag. These results are not surprising since the B
and V bands do not differ much in wavelength, and previous
photometric monitoring campaigns (e.g., Sergeev et al. 2005)

Table 8
Cross-Correlation Results

Object rmax τcent τpeak
(1) (days) (days)

(2) (3) (4)

Mrk 142 0.85 −0.01+0.70
−0.62 0.00+0.50

−0.50
SBS1116+583A 0.84 0.12+1.52

−1.76 0.25+0.25
−0.75

Arp 151 0.99 0.50+0.62
−0.61 0.25+0.25

−0.25
Mrk 1310 0.98 0.13+0.25

−0.25 0.25+0.00
−0.25

Mrk 202 0.69 0.01+1.36
−0.86 0.25+0.50

−1.75
NGC 4253 0.81 0.24+0.49

−0.62 0.00+0.25
−0.50

NGC 4748 0.85 −0.85+0.88
−0.83 −0.25+0.50

−0.50
IC 4218 0.75 0.26+0.36

−0.37 0.25+0.25
−0.25

MCG-06-30-15 0.90 0.00+0.48
−0.38 0.00+0.50

−0.50
NGC 5548 0.93 −0.02+0.73

−0.81 0.25+0.25
−0.75

Mrk 290 0.80 −0.00+2.62
−3.35 0.00+0.50

−0.50
IC 1198 0.78 0.12+1.09

−0.71 0.25+0.50
−0.75

NGC 6814 0.99 0.25+0.63
−0.70 0.00+0.25

−0.25

Notes. Columns 2–4 list the peak value of the CCF, the position
of the centroid of the CCF, and the position of the peak of the
CCF.

have found that lag times between B and V band variations are
typically only a few tenths of a day. Due to the near-simultaneity
of variations between optical bands and between optical and
UV bands, past work has also disfavored variability models
in which photometric variability results from disk instabilities
that propagate inward at a speed much slower than the speed
of light, and instead has favored a reprocessing scenario (e.g.,
Krolik et al. 1991; Edelson et al. 1996; Collier et al. 1998).
Higher-frequency sampling is required to carry out a more
definitive search for time lags between variations in different
optical bands.

5.3. Color Variability

In addition to searching for time delays between variations
in the B and V bands, we use the light curves to measure
B − V colors. Since we employed a simple method of galaxy
subtraction (Section 4.3) which did not account for a bulge
component, the B − V color represents the color of the AGN
and some portion of the host galaxy. We present the results for
all of the objects in Figure 20.

We find that the color ranges from B − V = 0.1 mag to
B − V = 0.8 mag. There is no convincing evidence for color
variability, with the exception of Arp 151, Mrk 1310, and NGC
6814. The color varied from a maximum B − V of 0.6 mag
to a minimum B − V of 0.4 mag for Arp 151, from B − V =
0.75 mag to B−V = 0.50 mag for Mrk 1310, and from B−V =
0.28 mag to B − V = 0.15 mag for NGC 6814. In each case,
as the AGN became fainter, the B − V color became redder. The
simplest explanation for this trend is that some of the host-
galaxy starlight remains in the B- and V-band light curves,
which is the result of not properly accounting for the bulge
component. Therefore, as the AGN becomes fainter, the host-
galaxy contamination becomes more significant, resulting in a
redder color. The effect will be most obvious for the highly
variable objects, such as Arp 151, Mrk 1310, and NGC 6814.
The color variability seen in these objects shows the limitations
of our simple host-galaxy subtraction method.

Work by Sakata et al. (2009) further explores color variability
in a sample of bright, highly variable Seyfert 1 galaxies using
well-sampled data from MAGNUM spanning seven years. They

Examples of AGN Variability
Walsh, J.L., et al. 2009



Potential Areas 

«Lunar water mapper
«Bright AGN (blazar) monitoring
«QSO survey in NIR (limited to bright QSO, modest redshift, may be 

done well enough already)
«Solar science

• Flux monitor (bolometric? Broad band?, Long term)
«Technology test bed

• New optics (e.g., adjustable X-ray mirrors)
• New detectors (e.g., CMOS APS)

«Solar system objects
• Jupiter Aurora (UV) monitor (planet rotation)

«Diffuse Emission
• X-ray spectroscopy of ISM, solar wind charge exchange

«Timing
«Polarization and other new discovery space
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What would it take?

«Most astronomical observations need three axis stable pointing
• generally arcmin pointing and sub-arcmin down to arcsec stability

«Look away from very bright objects
• E.g., avoid sun and moon, and perhaps planets

«Stable thermal environment
• Photometric accuracy
• Stable optics (PSF)
• Often cold (optics and detectors)

14

Requirements

Hubble Space Telescope



Additional Considerations

«Power
• Usually low power available on small satellites (mass, volume)
• Okay in general - sensors, spacecraft systems 
• More power needed for active cooling of sensors, thermal systems for 

optics
«Data Storage

• Images are large (megapixel), depends on cadence
• Spectra mostly 1-D (not data intensive), but IFU and Echelles are 2-D
• Temporal time series depends on cadence and duration

«Bandwidth
• Low earth obits (LEO) typical for secondary payloads, hitchhikers, etc., 

allows high data rates, but short stations passes
• High earth orbits may require more power and//or high gain antenna

«Orbit
• Drift away orbit would permit cold telescope for IR
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CoRot

«Mass between 570 and 630 kg
• Payload mass around 270 kg
• Length 4100 mm
• Diameter 1984 mm
• Electric power 380 W
• Pointing accuracy 0.5 arcsec
• Telemetry 900 Mbit/day
• Mass memory capacity 2 Gbit
• Mission duration 2.5 years minimum
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MOST (My Own Space Telescope)

«MOST is a suitcase-sized (65 cm x 65 cm x 30 cm, 60 kg) microsatellite designed 
to probe stars and extrasolar planets by measuring tiny light variations undetectable 
from Earth. This can be done with such a small telescope (15 cm aperture) thanks 
to new Canadian attitude control technology.
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Another Example

0.1-0.4 keV

0.5-0.9 keV

0.9-2.0 keV

ROSAT Soft X-ray Sky (0.1-2.0 keV)

«Major source of background for 
X-ray observatories
• Dominates the sky at energies 

below ~1 keV
• Source is warm and hot ISM, 

perhaps a local bubble from a 
past SN

• Previous observations with thin 
window proportional counters



SoftX CubeSat

R
a

d
ia

to
rDet

TEC

Electronics

«Spectrum of Diffuse Soft Galactic X-rays with modest spatial 
resolution and modest (Si) spectral resolution

«Assume a CMOS thinned backside illuminated sensor
• 1024 x 1024 x 16µm, 5o x 5o FoV
• Expected count rates:

19

Band 
(keV)

Rate 
(ph s-1)

0.15 - 0.4 0.75
0.4 - 0.6 0.16
0.6 - 0.9 0.16
0.9 - 1.1 0.06

• Can accumulate ~10,000 sec/FoV over entire sky in 
one year, gives enough counts for low resolution 
(R~10’s) spectroscopy in each band



Summary of Ideas (in no order)
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