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Riccardo Giacconi 
Uhuru - the blossoming of X-ray astronomy
"While analyzing Uhuru data, I came to love 

discovery for its own sake" (SHD p143) 
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Giacconi’s plans for future X-ray astronomy missions

Uhuru
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Chandra
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Uhuru - launched December 12, 1970 (Kenyan Independence day) 
from an Italian launch platform off the coast of Kenya

Uhuru - freedom in Swahili
Uhuru - built and observations planned and analyzed by scientists at AS&E 

(Giacconi, Gursky, Tananbaum, Schreier, Murray, Matilsky) 
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• 20% of daily data 
received as “quick-look” 

• allowed for rapid changes 
in observing program

Scan of galactic plane

Uhuru observations of the galactic plane

Uhuru	scanned	the	sky		
with	0.5o	x	5o		and		
5o	x	5o		collimators		
Giacconi+1971

Uhuru scans of the sky
No. 2, 1971 X-RAY SCAN OF GALACTIC PLANE L29 

Fig. 2.—Band of the sky swept by the two detectors during one revolution of the satellite. The fields 
of view indicated are FWHM. The full width of the band of sky scanned, if the offset of detectors and 
the precise values of the fields of view are taken into account, is 12?7. 

maintain the temperature stability of the spacecraft. The upper limit is determined by 
the transmission properties of the filling gas. Pulse-shape discrimination and anticoinci- 
dence techniques are used to reduce the background due to particles and high-energy 
photons. Pulse-height analysis in eight channels is used to obtain information on the 
energy distribution of the incident photons. An in-flight calibration system which utilizes 
X-rays from a 55Fe radioactive source and fluorescent X-rays from Zr excited by a 
radioactive 147Pm source is used to monitor the efficiency and gain stability of the counters. 

The two sets of counters are placed back to back and are collimated to 0?52 X 5?2 
and 5?2 X 5?2 (full width at half-maximum), respectively. The center of the fields of 
view of the two detector banks are displaced from the equatorial plane of the satellite 
at respective angles of 88?9 and 91?2 from the spin axis. (The full width of the band in 
the sky covered by the two detectors during each spin is therefore 12?7.) This arrange- 
ment allows us to evaluate roughly the elevation of isolated sources in a single pass. 
While the 0?5 detector yields a finer angular resolution, the 5° detector yields high sensi- 
tivity for isolated sources. The precise value of the increase in sensitivity depends on the 
nature and value of the background and on the angular extent of the source. 

Two identical and independent visible-light star sensors are rigidly mounted to each 
of the two collimators, as shown in Figure 1. Star images are focused onto an N-shaped 
slit located in front of a photomultiplier. Traversal of a star results in a triplet of signals 
whose time sequence is analyzed for two-dimensional aspect information to a typical 
accuracy of 1'. Two Sun sensors of similar design are also included to provide aspect in- 
formation in the sunlit portion of the orbit. 
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2U  UHURU Catalog 
Giacconi et al. 1972 

• Individual scans superposed 
• Each source detection 

generated a “line of position” 
• Intersections defined sources 

for the Uhuru catalogs 

• 70 days of data 
• 125 sources 
• Bright sources in Galactic Plane —

X-ray binaries (Cen X-3, Her X-1) 
and SNR Tycho and Puppis. 
Galactic sources often variable 

• Extragalactic sources —  
M31, LMC/SMC, clusters of 
galaxies (Perseus, Coma and 
Virgo), and AGN (NGC4151, 
3C273, Cen A) 
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Selected Uhuru highlights  
Cygnus X-1  

Evidence for a black hole 

• Short time scale intensity variability (Schreier+71) 
• Coordinated radio-x-ray transition (Tananbaum+72) 

• accurate location led to ID with HDE226868  - 
9th magnitude OB supergiant 

• first masses from Webster & Murdin (1972); 
Bolton (1972); Hutchings+(1973) 

• More recent, definitive measurements 
• Distance 1.86 kpc (+0.12,-0.11,  Reid+2011) 
• M = 14.81±0.98 Msun (Orosz,  McClintock+2011) 
• Spin > 0.92 (Gou, McClintock+2011)
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Fig. 3.—Observation of Cyg X-l on 1971 June 10. Data have been corrected for triangular collimator response, (a) Data with 0.096-s resolu- 
tion. (6), (c), (d) Data summed over intervals of 0.48, 4.8, and 14.4 s. Typical 1 a error bars are shown. 
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L6 H. TANANBAUM ET AL. Vol. 177 

LD 

DAY OF 1970 
Fig. 1.—The X-ray intensity of Cyg X-l in three energy ranges between 2 and 20 keV and the 

radio fluxes at two frequencies are plotted against the day of 1970. 

to a low one was observed in the energy range 2-6 keV. The average intensity de- 
creased by a factor of about 4 in less than 1 month. During the same time, very little 
change was observed in the average intensity from 6 to 10 keV, while in the 10-20- 
keV range, the average source intensity increased by more than a factor of 2. These 
effects cannot be instrumental, since other sources did not show this unusual behavior. 
This X-ray transition occurred at the same time as the appearance of a radio source 
between 1971 March 22 and 1971 April 28. On March 22 and several prior times, an 
upper limit of 5 milli-f.u. was established for radio emission at the Cyg X-l location. 
On 1971 April 28, Braes and Miley discovered a radio source of strength 21 ±4 
milli-f.u. Since 1971 April 28, the many observations have shown an essentially steady 
radio source at an intensity of about 15 milli-f.u., some 3 times the 1971 March 
upper limit. This simultaneous change in X-ray intensities and increase in radio 
flux provide strong evidence for the identification of the radio source with the X-ray 
source Cyg X-l. We are continuing to monitor Cyg X-l to detect any further transi- 
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Pulsating X-ray binaries - Centaurus X-3 

DETECTOR RESPONSE = R 
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• 2.0871±0.0003  day 
binary period 

• 4.822 sec pulsations 
• spin period decreasing 

==>Accretion powered 
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FURTHER STUDIES OF THE PULSATION PERIOD AND 
ORBITAL ELEMENTS OF CENTAURUS X-3 

G. Fabbiano and E. J. Schreier 
Center for Astrophysics, Harvard College Observatory/Smithsonian Astrophysical Observatory 

Received 1976 July 19; revised 1976 November 4 

ABSTRACT 
The long- and short-term variability of the 4.8 s pulsation and the 2.1 day orbital periods of 

Centaurus X-3 are studied. The pulsation period decreases over 4 yr withf/r = —2.8 x 10“4yr-1, 
but with rms fluctuations of 2 x 10-4 s. In 1972 August-September, a continuous transition 
from speedup to slowdown was observed. The orbital period also decreases over 4yr with 
PjP ä — 8 x lO-6 yr-1, and with significant fluctuations of order 10~5 days over months. The 
orbital eccentricity is found to be 0.0008 ± 0.0001. The pulsation period variability is found to 
be consistent with a near balance between the Alfvén and corotation radii in an accretion disk 
model. The orbital period variability is interpreted in terms of tidal circularization and possible 
mass transfer and loss. 
Subject heading: X-rays : binaries 

I. INTRODUCTION 
The variability of the 4.8 s pulsation period of 

Centaurus X-3 has been of interest ever since the 
discovery of the pulsations (Giacconi et al. 1971). Not 
only were secular changes in the period discovered, 
but the sinusoidal Doppler variation observed was a 
significant element in demonstrating the binary nature 
of the Cen X-3 system. The average long-term decrease 
of the pulsation period (Schreier et al. 1972; Gursky 
and Schreier 1975; Tuohy 1976) is important in under- 
standing the accretion process (e.g., Pringle and Rees 
1972; Lamb, Pethick, and Pines 1973). Changes in 
orbital period, discovered via the accurate measure- 
ments of orbital elements made possible by the Doppler 
analysis (Schreier et al. 1973), are further indicators 
of mass transfer and mass loss (e.g., Kruszewski 1966). 

In this paper, we review the long-term behavior of 
the pulse period and present the results of a study of 
the pulse period from one month of nearly continuous 
Uhuru data during which time a smooth transition 
from speedup to slowdown is observed. We present 
results concerning the orbital period variability, and 
have also made a definite measurement of the orbital 
eccentricity. We interpret the pulse period variability 
in terms of the balance between the corotation and 
Alfvén radii, and discuss several mechanisms for 
orbital period changes. 

II. PULSATION PERIOD 
The pulsation period of Centaurus X-3 decreases 

with a fractional change f/r of the order — 3 x 10-4 yr-1. 
This was discovered from the analysis of two years of 
data collected by the Uhuru satellite (e.g., Gursky and 
Schreier 1975 ; Schreier and Fabbiano 1975) ; a measure- 
ment by Ariel 5 (Tuohy 1976) extended the baseline 
to 4 years. Figure 1 shows the pulse period deter- 

minations from 1971 January to 1975 January, the 
last point being from the Ariel 5 data of Tuohy. All 
but one of the Uhuru points have statistical errors of 
order 1 /xs or less which cannot be seen on the scale 
of the figure. Besides the general decrease, fitted by the 
straight line in the figure, the period has local varia- 
tions as can be seen from the scattering of the single 
period measurements about the average slope. Table 1 
summarizes the results of phasing analyses (see below) 
for each point; listed are the pulse period, Doppler 
amplitude (orbital radius), and time of eclipse center, 
each with 1 a uncertainties, along with total x2 and 
number of data points used. 

Fig. 1.—The long-term behavior of the pulsation period of 
Cen X-3. The points in 1971 and 1972 are phasing analyses 
from Uhuru data. The 1975 January point is from Ariel 5. 
Error bars are smaller than the data points. Actual values are 
in Table d. The solid line is the best fit 4 yr average period 
decrease. 
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• Phasing from scan to scan enabled 
by slowing spacecraft spin 

Giacconi + 1971 
Schreier + 1972 
Fabbiano & Schreier 1977 
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Hercules X-1  
•  1.24 sec X-ray pulsations 
•  1.7 day binary 
• 35 day on/off cycle -> disk precession

Her	X-1
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Fig. 2.—Hercules intensity data (2-6 keV) during three on states. The vertical lines represent 
the orbital eclipses, whose positions are determined accurately from the pulsation Doppler analysis. 
Typical errors appropriate for different groups of data are shown; the statistical error bar is 
relevant for pöint-to-point comparisons, and the aspect error bar is relevant for day-to-day com- 
parisons. It should be noted that most intensity points below about 10 counts s_1 are upper limits. 
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L110 C. JONES, W. FORMAN, AND W. FILLER Vol. 182 

Fig. 1.—Light curves of HZ Her. (a) 1945-1948; (b) 1949-1956. All magnitudes were derived 
from iris photometer measurements made of blue-sensitive plates taken with the 41-cm refractor at 
Harvard’s G. R. Agassiz Station. The one high point in (b) occurred in 1954. Open circles represent 
repeated points. 

YEARS 
1900 1920 1940 I960 

Fig. 2.—Long-term behavior of HZ Her. All plotted magnitudes occurred at phase 0 = 0.5 ± 0.2, 
and therefore represent near-maximum brightnesses. Brightness upper limits are indicated by v’s. 
The cross-hatching indicates the active behavior reported by Cherepaschuk et al. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

 Tananbaum+72        Giacconi+73 Jones+73

• Long term “off” 
states from optical
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• 3.412±0.002  day period 
• 23 days of optical photometry on CTIO 

16" telescope (Jones+Liller 1973)

00 

00 [�" CT) 

L44 C. JONES ET AL. Vol. 181 

Fig. 1.—The 2-6 keV intensity of 2U 1700—37 corrected for elevation in the field of view and 
shown with ±1 a- error bars. The upper portion shows seven days of data from 1972 May. Plotted 
below are observations obtained between 1970 December and 1972 May folded with the 3.412-day 
period. A histogram of the intensity averaged in 25 equal intervals is also shown. 

yet observed at phase 0.5. The intensity averages without error bars are shown in 
the lower portion of figure 1. 

There is a large degree of variability in the intensity during the 2.3-day on time, 
as can be seen in figure 1. Since the data in the top portion of figure 1 were obtained 
after the failure of the Uhuru star sensors, only rough aspect information was available 
to correct the source intensity for the location of the source within the collimator 
field of view, so that the error bars on the intensities are necessarily large. However, 
the large uncertainties do not mask the fluctuations in which the intensity changes 
by as much as a factor of four in times of 10 minutes. Variability on the time scale 
of seconds also has been observed. On several occasions the intensity has more than 
doubled from one second of observations to the next. All of this variability has also 
been detected during observations made when the Uhuru star sensors yielded good 
aspect information. 

Rapid intensity changes on time scales of a tenth of a second are also present in 
the 2U 1700—37 data. These fluctuations are not so striking as those seen in Cyg 
X-l, perhaps owing to the lower intensity of 2U 1700—37. However, even when no 
significant flares on times of seconds are visible, the fits of the data to a constant 
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4U1700-37;		Jones+1973
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Fig. 1.—Light and color curves for HD 153919 = 2U 1700—37 for the period 1973 February 12 
through March 7. A smooth, average light curve is drawn through the visual observations. The 
X-ray occultation center is marked with arrows. 

One possible explanation for the double-peaked light curve is the distortion of the 
central star due to the unseen X-ray companion and that possibly resulting from the 
synchronous rotation of the central star. In this case, one would expect to see maximum 
light when the companion is ±90° away from the X-ray occultation center and mini- 
mum light when the X-ray source is at the occultation center or directly in our line of 
sight to the star. Exactly this phenomenon is observed, with perhaps some enhance- 
ment from gravity-darkening effects. 

No reflection effect is observed, and none would be expected for this system because 
the total X-ray energy is only a small fraction of the optical radiation. 

Similar optical light curves with double maxima have been obtained for several of 
the other counterparts of X-ray binaries. HZ Her = Her X-l exhibits this behavior 
during quiet states (Jones, Forman, and Filler 19736). Also both Sanduleak No. 
160 = SMC X-l (Filler 1972) and HD 77581 = 2U 0900—40 (Vidal, Wickrama- 
singhe, and Peterson 1973; Hiltner 1973; Jones and Filler 1973) show similar light 
variations. 

We are grateful to Dr. William Forman for his help in making and reducing the 
observations. We thank the staff of Cerro Tololo for their considerable assistance. One 
of us (C.J.) also acknowledges support from the A. Fee Foomis Scholarship Fund. 
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Massive neutron star OR  Black Hole (Clark+ 2002) 
      Mass = 2.44±0.27 Msun    

  

• HD153919  
• 6.6 mag O7f

• Uhuru provided accurate positions for optical identifications  
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12 X-ray Binaries  
Her X-1, Cen X-3, Cyg X-3, 4U0900-40, 4U1700-37,  

Cyg X-2, Cir X-1, SMC X-1, LMC X-1, 2, 3, 4 
6 X-ray Pulsars 

Her X-1, Cen X-3, SMC X-1, Vela,  GX304-1, GX17+2 
5 Globular Clusters 

NGC1851, NGC6440, NGC6441, NGC6624, 
NGC7078(M15) 

9 Transient sources 
4U0115+63, 4U1918+15, 4U1543-47, 
4U1901+03, 4U1908+00, 4U1730-22, 
4U1735-28, 4U1807-10, 4U1630-47  

6 X-ray Bursters 
4U1608-52,  4U1656-53, 4U1728-33, 
4U1820-30, 4U1837+04, 4U1857+01 

4 Supernova Remnants 
 Crab, Tycho, Cas A, Puppis A 

X-ray Stars  
X Per, Orion, Eta Carina

GALACTIC SOURCES 

Fourth Uhuru Catalog 
(Forman + 1978) 

339 sources 
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2 Galaxies 
Andromeda (M31), M82 

 7 Active Galactic Nuclei (AGN) 
MKN335, 3C120, MCG8-11-11, NGC3783, 

NGC4151, 3C273, Cen A 

35  Clusters of Galaxies 
A85, A133, A262, A358, A401, 

A426(Perseus), A478, A496, A514, A539, 
SC0627-54, A576, A754, A1060, A1146, 

A1367,  A1391, Virgo, Centaurus, 
A1656(Coma),  A1795, A1991, A2065, 
A2142, A2199, A2256, A2318, Cyg A, 
A2589, A2657, A2666, Klemola 44, 

SC1329-314, SC1345-301, PKS1252-28

Extragalactic Sources 

Fourth Uhuru Catalog  

339 sources 
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Perseus Cluster - brightest extragalactic X-ray source 
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No. 2,1972 X-RAY SOURCES IN PERSEUS AND COMA CLUSTERS 311 

F!j' Z—Parseus X-l. The extent of the X-ray source, the shape and position of the 90 percent conhdence-level error ellipse for the centroid, and the location of the cluster center are shown. 
We have assumed the source to be spherically symmetric even though it has not been scanned at 

yfAedr^fs-The shape on the plane of the sky of the radio emission from NGC 1275, 
JNGC 1265, 1C 310 {dashed lines), and the large diffuse radio source, are taken from the radio 
observations of Ryle and Windram (1968). The approximate location of the cluster center denoted 
by an X is taken from Abell (1958). 

and 44 + 2 counts per second for the Coma and Perseus sources, respectively. For 
Perseus our most precise intensity determinations were made on 1971 January 20 
and 21 and 1971 February 13 and 23. For these four observations the source varied 
by less than 5 percent from the mean. For Coma, seven precise observations of the 
intensity between 1971 January 4 and January 14 varied by less than 6 percent. 

The sources have not been scanned at many varied angles, and hence we are unable 
to differentiate between several point sources and a truly extended source. For the 
Perseus source, the stronger one, we have tried fitting two point sources of varying 
relative intensities and of varying separations to the data. Solely on the basis of v2 

we were unable to eliminate this possibility (see fig. 3). 
Both the Coma and Perseus clusters of galaxies are more extensive than the above 

reported 0?5 X-ray sources. We have therefore considered the possibility of emission 
from larger regions. We have found that fits to the data from the 5° x 5° collimator 
agree with those from the 0?5 x 5° collimator. Thus, there is no evidence for the 
existence of a more extensive region 20-5° in size of lower surface brightness but of 
total luminosity comparable to that of the central source. Our 2 a upper limit on the 
contribution to the counting rate from a Io wide region adjacent to the central source 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Fig. 3.—Perseus X-l. The superposition data for 1971 January 22 show the best fits to an 
extended source {smooth curve) and to two point sources {flat-topped curve). The points represent 
the counting rate averaged over one superposition bin (5 arc minutes). For the two-point-source 
fit we found the source separation to be 20, ± 3' with x2 ~ 47 (for 35 degrees of freedom) while 
for the uniform extended source the angular diameter was 37' ± 5' with x2 — 46 (for 36 degrees 
of freedom). The fit to a point source gave x2 — 68 (for 37 degrees of freedom). 

Fig. 4.—The position angle (measured from north toward east) of the direction in which the 
source was scanned is plotted against the angular size obtained from our fitting procedure for both 
sources. Coma was scanned in directions differing by about 50° while Perseus was scanned in 
directions differing by only about 20°. The angular sizes for the differing position angles are 
consistent with a constant size for each source as shown by the dashed lines. 
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• Perseus extended X-ray source 
(Forman+72) 

• Uncertain if  X-ray emission is due to 
thermal hot gas or IC (since extended radio 
detected; Ryle & Windham 1986) 

• Iron line detected - (Mitchell+76 Serlemitsos+77) 
• Cooling flows (Fabian & Nulsen+77) 
• Launched feedback from SMBHs—         

whole new field of investigations
Chandra Perseus Cluster 
Fabian and collaborators

Ariel 5 - Mitchell+76

Forman+72
Radio: Ryle & Windram 1968



Harvard-Smithsonian Center for Astrophysics Christine Jones

Cen A - active galactic nucleus 

PLATE L4 

CENTRAL SOURCE 

-46® 

Fig. 3.—Sky-coverage map c>f the Cen A region. The dotted lines show the scan tracks of the center 
of field of view of the 0?5 collimator for the two scans. The bands of position (2 a wide) intersect at 
NGC 5128, a magnified picture of which is shown in the upper left corner. The radio map is from Shake- 
shaft (1965). 
Kellogg et al. {see page L52) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

• Intersecting Uhuru scans identify X-ray emission from Cen A (Kellogg+71) 
• Consistent with a single point source  
• No detected emission from lobes (less than 1/3 of the central source) 
• 0.07 sq deg. error box (initial detection by Bowyer+70 in 10x larger box)

Kraft+02

Chandra

Optical

Radio
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First steps towards resolving the 
XRB with Uhuru 

Log N-Log S for high & low galactic latitudes
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No. 3, 1973 X-RAY SOURCES OBSERVED BY UHURU 755 

N (S) 

S Cts/sec 

Fig. 1.—/VÇS), the number of sources greater than or equal to intensity S in the 2-6 keV 
energy range, is plotted as a function of 5, counts s_1. The low-latitude sources, \b\ < 20°, are 
shown as dots, the high-latitude sources, \b\ > 20°, are shown as crosses. Also shown are the best- 
fit straight lines to the data. All data are corrected for nonuniform sky coverage. The right-hand 
scale applies only to the |6| > 20° sources. 

identified, all with extragalactic counterparts. The four sources in the Large Magel- 
lanic Cloud (EMC) have been averaged in as one object, so that this galaxy is treated 
in the same way as others in which individual sources are not resolved. 

Since the distribution of sources with \b\ > 20° is consistent with an isotropic 
distribution in both b and / (as shown in fig. 2), to within our statistical uncertainty, it 
is meaningful to define a source density per unit solid angle with intensity greater than 
S as shown on the right-hand scale of figure 1. 

If we are indeed dealing with two types of sources—namely, galactic and extra- 
galactic, the latter isotropically distributed in the sky—we know that the (log N, log S)- 
plot for sources with \b\ < 20° includes a number of extragalactic sources. We can 
use the plot in figure 1 to evaluate this contribution as a function of S. The maximum 
correction to the low-latitude (log N, log Sj-plot due to this admixture will occur at 
small S, and at 3 counts s_1 it is of the order of 25 percent. Since this correction tends 
to reduce the number of sources with |6| < 20° at low intensity, it will tend to flatten 
the (log A, log V)-plot for these sources even more. 

We have also attempted to investigate whether the striking difference in the 
(log A, log Vj-plots could be due to instrumental effects. One possibly significant 
correction is due to the difficulty of detecting low intensity sources in the galactic 
plane with the 5° collimator due to the presence of numerous strong sources. We can 
evaluate this effect by assuming that to every source of intensity less than 10 counts s ""1 

we should assign an angular interval in which no source of lower intensity could be 
detected. If this interval is as large as 10° (full width, full maximum field of view in the 
wide detector), then the maximum correction would be about 30 percent. To be abso- 
lutely precise, we would have to take into account the nonuniform distribution of 
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• Low latitude sources show a 
“break”  

• consistent with "running out 
of Galaxy" 

• High latitude sources 
• α = -1.34±0.20 (consistent 

with -1.5,  expected for an 
“extragalactic” population)

Matilsky+1973

Galactic Extragalactic

Following the discovery of the XRB in 
1962 rocket flight, determining the nature 
of the XRB became a primary goal.
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CDFS 1Ms   
Riccardo Giacconi

• Chandra Interdisciplinary Scientist 
       500ks (+ 500ks  DDT) 
• 1010 increase in sensitivity 

compared to first detection of     
Sco X-1 (same sensitiveity 
increase as naked eye to Hubble) 

• Chandra: The Dream Comes True 
• RA=3 32 28 Dec=-27 48 30 
• Low intervening absorption 

Giacconi et al.  2002  ApJS

“AIer	many	years	of	helping	others	do	their	science,	it	was	great	
to	be	able	to	stare	at	my	own	data	and	let	them	flow	through	my	
fingers,	as	if	panning	for	gold.“	(Giacconi	SHD	2008)

Chandra Deep Field South(CDFS)



Harvard-Smithsonian Center for Astrophysics Christine Joneswith a matching radius of ´2. 5 for sources within 6′ of the
average aim point and 4 0 for sources at larger off-axis angles
(the distance between the source position and the average aim
point); we also visually inspected all ofthe sources beyond
8′of the average aim point and removed nine candidate sources
that are likely the same as their companion detections ≈4–7″
away. The X-ray source positions in the merged source list
were adopted from, in order of priority, the full-band, soft-
band, and hard-band positions. The resulting candidate source
list includes 1121 sources.

The relatively loose WAVDETECT source-detection threshold
of 10−5 introduces a non-negligible number of spurious
detections. We also performed WAVDETECT source searching
with the more stringent false-positive probability thresholds
of 10−6, 10−7, and 10−8. We then assigned a minimum
WAVDETECT false-positive probability to each of the 1121
candidate sources according to the minimum WAVDETECT
threshold value at which the source was detected. Of the 1121
sources, 644, 58, 102, and 317 have minimum WAVDETECT
false-positive probabilities of 10−8, 10−7, 10−6, and 10−5,
respectively. Candidate sources with smaller minimum WAVDE-
TECT false-positive probabilities are more likely real detections
and most of the spurious detections will have minimum false-
positive probabilities of 10−5 (e.g., see Figure 5 below).

Before filtering the candidate source list with AE, we
improved the source positions through the AE “CHECK_PO-
SITIONS” procedure. As was done in our previous CDF-S,
Extended Chandra Deep Field-South (E-CDF-S), and Chandra
Deep Field-North (CDF-N) catalogs (Luo et al. 2008; Xue
et al. 2011, 2016), we adopted AE centroid positions for
sources within 8′of the average aim point and matched-filter
positions for sources located at larger off-axis angles.35 We

further visually inspected the raw and adaptively smoothed
images for each source and manually chose centroid or
matched-filter positions for ≈60 sources,which align better
with the apparent source centers (mostly sources located within
6–8′of the average aim point where the matched-filter
positions are preferred).
We then utilized AE to extract photometric properties of the

candidate sources. The details of the AE photometric extraction
are described in the AE User’s Guide; a short summary is

Figure 4. (a) “False-color” image of the 7 Ms CDF-S. The image is a color composite of the exposure-corrected and adaptively smoothed images in the 0.5–2.0keV
(red), 2–4 keV (green), and 4–7 keV (blue) bands. The smoothed images have uneven weights in the composite for the purpose of enhanced display, and thus the
source color in the image does not reflect accurately the X-ray color of the source. The apparent smaller size and lower brightness of the sources near the field center
are due to the smaller PSF size at that location. The CDF-S boundary and the average aim point are shown, as was done in Figure 1. An expanded view of the central
8′×8′region (dashed square region) is displayed in panel (b). Extended faint color halos in panel (b) are usually artifacts instead of real extended sources.

Figure 5. Distribution of 1 minus the AE binomial no-source probability (PB)
for sources in the candidate-list catalog with different minimum WAVDETECT
false-positive probabilities. Sources having <P 0.007B were included in the
main source catalog, and they are indicated by the red shaded bars, which have
a slightly smaller width than the rightmost PB bin (0.007 vs. 0.01). The fraction
of main-catalog sources among each minimum WAVDETECT false-positive bin
is annotated, with the numbers of sources shown in the parentheses. The
fraction drops from 99.7% at a minimum WAVDETECT false-positive
probability of 10−8 to 70.3% at a minimum WAVDETECT false-positive
probability of 10−5.

35 The matched-filter position is the position found by correlating the merged
image in the vicinity of a source with the combined source PSF (see Section 5.3
of the AE User’s Guide).
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Luo+2017 Resolving	the	X-ray	background	

•50,000	sources	per	sq.	deg	

•6x10-18	erg	cm-2	s-1	(0.5-2.0	keV)	

•At	faint	flux,	normal	galaxies	begin	

to	dominate	the	number	counts	

Riccardo’s Dream: Most of XRB now resolved into 
sources     81+-4% (0.5-2.0) keV    93+-13% (2-7 keV)

CDFS:	From	1Ms	(Giacconi+02)			to	7Ms	(Luo+17)
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“During my university years in 
Milan, not one of my senior 

colleagues had ever invited me 
over to his home (except for 

Beppo Occhialini).” 

“Secrets of the Hoary Deep”  (2008) 
Riccardo Giacconi
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Riccardo moved from AS&E to join the 
astronomy faculty at Harvard in 1973.  Harvey 
Tananbaum, Leon van Speybroeck, Ethan 
Schreier, Herb Gursky,  Ed Kellogg, and Bill 
Forman also joined the newly formed High 
Energy Astrophysics Division at the CfA. 

Riccardo and Mirella  often invited students and 
colleagues to their home for wonderful dinners 
or larger social gatherings. 

They lived just a short walk from the CfA. 
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Nobel Prize Lecture 2002

Schreier, Gursky, Giacconi, Tananbaum 

Giacconi+1971

Return to UHURU  
with VU graphs!!
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Not with us today, 
but very much pioneered what was to come

Leon van Speybroeck 
Mirror Scientist -  Einstein/Chandra

Steve Murray  
High Resolution Imager PI- Einstein/Chandra
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“Had	I	but	known	it,	those	were	
the	happiest	years	of	my	life.”	

Riccardo	Giacconi	2008,	“Secrets	
of	the	Hoary	Deep,	p	91”	

Waiting for Uhuru Launch Bologna X-ray astronomy 2009


