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  Fully steerable, wheel-
and-track radio telescope 

  Frequency coverage: 0.3 - 
115 GHz  (almost 

continuously) 

  Primary mirror diameter: 
64 m 

  Quasi-Gregorian system 
with shaped  surfaces 

  Active optics: 1116 
actuators 

  6 focal positions (up to 
20 receivers): Primary, 

Gregorian, 4 Beam Wave 
Guide 

  Frequency Agility 

Feb 2015 

Sept 2013 

 SRT 



Is SRT good for 
staying at the 
forefront of 
the compact 

object science? 



Effelsberg  

The main competitor telescopes  

Green 
Bank 
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SRT vs (br)others single dishes: 2011@Bormio 

         high instantaneous sensitivity 
(i.e. 64-100 m class dish)  

large bandwidth  
(i.e. ≈ 20-30% of central freq) 

dual band low freq receiver 

digital filter-bank 

base-band recording system 

         multi-beam at high frequency 

         multi-beam at low frequency 

         good RFI environment   

GBT, PKS, Bonn 
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SRT vs (br)others single dishes: 2015@Mporzio 

         high instantaneous sensitivity 
(i.e. 64-100 m class dish)  

large bandwidth  
(i.e. ≈ 20-30% of central freq) 

dual band low freq receiver 

digital filter-bank 

base-band recording system 

         multi-beam at high frequency 

         multi-beam at low frequency 

         good RFI environment   

GBT, PKS, Bonn 
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 Self induced RFI 

 The 7-beam 2.3/4.3 GHz receiver 
SRT science validation team 

P.I.  Noemi Iacolina Funded by Sardinia Regional Government 



 Some initial ideas 
for exploiting SRT 

in the study of 
compact objects… 



LEAP : Large European Array for Pulsars 
(funded by EU grant for 5 years)!

Combining “coherently” all the 5 major european 
telescopes, SRT will be part of the best available 

telescope at 20cm-band for timing before SKA era…  

+ 
…unique capability of SRT in removing interstellar 
medium effects, thanks to the dual band 20+90 cm 

receiver  

 A world leader experiment for detecting the 
Cosmological Background of Gravitational 

Waves (and perhaps some close discrete 
sources) from the signature on the pulsar timing 
residuals of the perturbations in the space-time 

GW detection from coalescing black-holes 

(talks Perrodin, Ricci, Palomba +... )  



 Some provisional LEAP results 

Perrodin & SRT science validation team 

PSR J1022+1001 



Good sensitivity and likely 
rapid response time will 
allow the NS community to 
be at the front line in the 
follow up in the radio band 
of transients in the high 
energy bands … 

(talks Turolla, Tiengo, 
Pili, Taverna, CotiZelati, 
Cannizzaro, Belloni, 
Casella, Vincentelli + 
Baglio... )  

Long Term & Prompt Monitoring:  
Radio magnetars, X-ray transients, etc… 
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 The first SRT science observation 

SRT science validation team 

7 May 2013 



SNR+PWN mapping: space resolved spectral mapping 

Exploiting the relatively 
wide beam and the large 

spectral coverage,  a 
detailed spatially resolved 

spectral study of a large 
sample of SNRs at high 

radio frequencies,  with 
consequences on the 

nature (hadrons or 
leptons?) of the γ-Ray 

emission and hence on the 
Cosmic Ray origin problem 

(talks Bucciantini, 
Amato, Olmi, Cardillo, 

+ ...)  
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Inverse Compton
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Figure S2: The spectral energy distribution of IC 443 with a model in which electron bremsstrahlung
is the dominant radiation process in the gamma-ray band (dashed line and dash-dotted as in Figure
2). In the radio band the dominant radiation process is synchrotron emission. The parameters used
in the calculation for the dashed curve are s1 = 1.72, s2 = 3.2, pbr = 10 GeV c−1, B = 50 µG,
n = 300 cm−3, and We = 5 × 1047 erg (> 1 GeV c−1). The dash-dotted curve indicates the same
model but with an abrupt low-energy break in the electron spectrum at 300 MeVc−1. For comparison
the best-fit pion-decay model is shown as a solid line. The dotted line shows a combined bremsstrahlung
and pion-decay model in whichKep = 0.01 to demonstrate that such a model is consistent with the data.
Radio data are taken from (39)

.

Synch. break 
frequency? 

Brems. or π0 
decay? 
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 Some commissioning observations 

© Pellizzoni & SRT science validation team TABLE 1

OH (1720 MHz) Emission Gaussian Fits

Clump !J2000:0 "J2000:0

Sp
(mJy)

VLSR

(km s!1)

!V

( km s!1)

#maj

(arcmin)

#min

(arcmin)

P.A.

(deg)

B................................ 06 16 40.3 +22 23 06 158 (22) !6.14 (0.08) 1.04 (0.09) 13.8 6.5 77.4 (0.1)
D................................ 06 17 53.2 +22 23 50 145 (17) !6.85 (0.07) 1.76 (0.11) 11.4 6.5 46.8 (0.1)

G................................ 06 16 47.0 +22 32 01 3641 (35) !4.55 (0.04) 0.84 (0.05) 7.7 6.9 57.2 (0.4)

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Errors to fits are shown in
parenthesis.

Fig. 2.—Top left: 330 MHz continuum map of IC 443. Top right: The velocity integrated line flux density (moment zero) map of maser G at!4.55 km s!1. Bottom
right:Moment zero map of maser B at!6.14 km s!1. Bottom left:Moment zero map of maser D at !6.85 km s!1. Contours of 330 MHz continuum are present for all
figures at 0.01, 0.05, 0.1, and 0.3 times the peak continuum level of 177 mJy beam!1. Note that due to the brightness of maser G, its emission wings are seen in all three
moment zero maps.

798 LEE ET AL. Vol. 135

Table 1
Summary of H i 21 cm Observations

Arecibo Observation
Date 2001. 10. 31. ∼ 2001. 11. 3.
Mapping area 75′ × 75′ centered at (06h17m, +22◦34′)
Observing mode On-the-fly mode with R.A. and decl. scan
Scan interval 1.′2
Sampling rate 3.2 samples/arcmin
Angular resolution (FWHM) 3.′9 (after convolution)
Velocity resolution 1.3 km s−1 (after Hanning smoothing)
1σ noise 0.1 K per channel

VLA Observation
Date 2001. 12. 2
Configuration D
Field center (J2000) (06h17m, +22◦34′)
Baseline range 0.1 ∼ 5 kλ

Angular resolution (FWHM) 42′′ × 39′′ (PA = −65◦)
Velocity resolution 2.58 km s−1

On-source integration time 6.3 h (54 min per pointing)
Flux and bandpass calibrators 3C 147 (21.9 Jy), 3C 286 (14.7 Jy)
Gain calibrator 0603+ 219 (2.42 Jy)
1σ noise ∼0.7 K per channel

2.2. Interferometric Observations

Observations of IC 443 with the NRAO8 VLA were con-
ducted on 2001 December 2 in the D configuration. The extent
of IC 443 (covering shells A and B) is about 50′, which is much
larger than the primary beam of the VLA at λ 21 cm. To cover
the whole remnant, seven separate pointings were observed in
a hexagonal grid centered on (α,δ) = (06h17m, 22◦34′). The
spectrometer was set up in the 2IF mode with 128 channels
covering a total bandwidth of 1.5625 MHz, resulting in a spec-
tral resolution of 12.2 kHz (2.6 km s−1 centered at VLSR =
−30 km s−1). 3C 147 (21.9 Jy) and 3C 286 (14.7 Jy) were ob-
served for the flux calibration, and the nearby quasar 0603+219
(2.42 Jy) was observed to track the instrument gain. Observa-
tions of 3C 147 and 3C 286 were used to correct the variation
in the instrumental bandpass. Details of these observations are
summarized in Table 1. When all seven pointing data are com-
bined together in a mosaic, the rms noise in each spectral channel
is ∼0.7 K (1.5 mJy/beam). The continuum image was generated
using the line-free channels, covering an equivalent bandwidth
of 60 MHz. The rms noise of the continuum image is ∼0.2 K
(0.45 mJy/beam).

2.3. Image Synthesis

Initial calibration of the VLA data (including data editing,
gain and phase calibration, bandpass calibration) was done us-
ing the NRAO Astronomical Image Processing System (AIPS)
package (Fomalont 1981). The fully calibrated uv data were
then ported to Miriad (Sault et al. 1995) for further processing.
The uv data were transformed to the image plane and subse-
quently mosaicked together using a maximum entropy decon-
volution algorithm. Uniform weighting was used to maximize
angular resolution. For the continuum imaging, bright point-
like sources were CLEANed first before mosaicking to improve
the deconvolution process. The final angular resolution of the
spectral and continuum images was 42′′ × 39′′.

8 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

Figure 2. 21 cm continuum image of IC 443. Contour levels: 20 mJy to 100 mJy
with 20 mJy increment. The black arrow marks the location of the pulsar and its
wind nebular. Two extragalactic sources are also marked with blue arrows (see
the text for details).

The largest structure that can be imaged with the VLA in
the D configuration is ∼15′. Therefore larger structures are
restored by combining the VLA data with existing single-dish
data. The 21 cm Bonn survey (Reich et al. 1990) was used for the
continuum imaging, assuming a Gaussian beam with a FWHM
of 9.′35. For the H i spectral-line imaging, our VLA and Arecibo
data were combined. In both cases, the visibility amplitude in
the overlapping uv range of single-dish and interferometer data
agreed to within the 10% accuracy, and the images were linearly
merged using the task “immerge” in Miriad.

2.4. Comparison with Previous Observations

Although various 21 cm observations of IC 443 have been
reported, all the previous high-resolution results (both line and
continuum) have been based on interferometric observations
without short-spacing information which is critical to any
quantitative analysis. Furthermore, most of these observations
have a field of view smaller than the full extent of IC 443.
The present data improve by five times the angular resolution
and by nearly ten times the sensitivity in comparison with the
previous best 21 cm continuum results which also incorporate
short-spacing information and have a large enough field of view
(Leahy 2004). We emphasize that our 21 cm line observation
is the first high-resolution observation without missing short-
spacing information. The only previous work with comparable
resolution was by Braun & Strom (1986a, 1986b), but they did
not include short-spacing data and had a field of view limited
by the FWHM (36′) of the primary beam.

3. RESULTS

3.1. Overall Continuum Morphology

The new 21 cm continuum image of IC 443, shown in
Figure 2, nicely demonstrates the overall morphology of the
remnant in great detail. The continuum structure of IC 443
consists of two distinct shells of different radii. The bulk of the
emission is from the northeastern part that forms an incomplete
shell with a diameter of 30′ (shell A). Shell A is open on
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Figure 1. Schematic showing the overall morphology of IC 443. The inset
shows the proposed top view of shell A. The asterisk indicates the position of
the pulsar (Olbert et al. 2001).

nature of the ambient medium is also well demonstrated by the
Two Micron All Sky Survey (2MASS) JHK composite image
of Rho et al. (2001).

The presence of fast-moving H i in IC 443, such as the
prominent H i shell lying along the southeastern boundary, has
already been known for some time (Denoyer 1978; Giovanelli
& Haynes 1979). Most of the high-velocity gas shows a
blue-shifted emission with an estimated expansion velocity of
!90 km s−1. The earlier high-resolution observations made
using the Westerbork Synthesis Radio Telescope (WSRT) by
Braun & Strom (1986b) showed that the H i shell is thin and
correlated with the radio continuum filaments. Initially, this H i
emission was interpreted as recombined atomic hydrogen in the
postshock cooling region. However, the subsequent detection
of emission from shocked molecules clearly demonstrated that
most of the high-velocity H i gas is actually associated with a
molecular shock (Burton et al. 1988). The molecular emission
is spatially well correlated with the high-velocity H i emission,
and their velocity profiles are also very similar. The absence of
hydrogen recombination lines such as Br γ suggests that most
of the high-velocity H i in this region cannot be explained as
recombined atomic gas. Instead, the origin of the high-velocity
H i is attributed to a partially dissociative shock where only a
portion of the H2 is dissociated into neutral hydrogen without
further ionization (Burton et al. 1988).

IC 443 is located in the Gem OB1 association in the direction
of the Galactic anticenter H i shell (GS 174+02-64; Heiles 1984).
The distance toward this association is known to be around
1.5 kpc, and from the possible association of IC 443 with this
OB association (e.g. Braun & Strom 1986b) the same distance
of 1.5 kpc was suggested for IC 443. A pulsar was recently
found from high resolution Chandra observation (Olbert et al.
2001), suggesting a core-collapse origin. We note that Leahy
(2004) doubted the genuine association between the pulsar and
IC 443, but the recent X-ray analysis of Gaensler et al. (2006)
favored their association. Welsh & Sallmen (2003) studied UV

absorption profiles toward several stars in this association and
confirmed that IC 443 is indeed a part of this anticenter complex.
Throughout this Paper, we will adopt this distance.

In this paper, we report sensitive new high-resolution obser-
vations of IC 443 in 21 cm continuum and the H i line obtained
using the VLA and the Arecibo telescope as a part of an ongoing
effort to better understand the nature of IC 443. Our new data,
combining VLA mosaic observations and Arecibo observations,
properly incorporate short-spacing information and have a large
enough field of view covering the full extent of the remnant.
We have also obtained new molecular line observations us-
ing the Five College Radio Astronomy Observatory (FCRAO)
14 m telescope, and detailed discussions of the molecular line
observations will be reported in a separate paper (Lee 2007, in
preparation; hereafter Paper II). Our new observations reveal
previously unknown characteristics of the remnant both in the
radio continuum and the 21 cm hydrogen line. We aim to model
the global dynamics of IC 443 using the radio continuum mor-
phology and the distribution of shocked H i gas in the remnant.
We also want to study the nature of the shocked H i gases which
are associated with both atomic and molecular shocks, and the
ambient media responsible for these. In addition, a possible asso-
ciation of IC 443 with G189.6+3.3 will be investigated. The new
observations and the results are described in Sections 2 and 3.
The implications of the new results are discussed in Section 4,
and the results are summarized in Section 5.

2. OBSERVATIONS AND DATA PROCESSING

2.1. Single-Dish Observations

Observations with the Arecibo telescope7 were conducted
between October 31 and November 3 in 2001. A 75′ ×
75′ area centered on (α2000, δ2000) = (06h17m00s, +22◦34′)
was scanned in the total power mode utilizing the on-the-fly
mapping technique. Scans were obtained in both R.A. and
decl. directions, separated by 1.′2, and with a sampling rate
of 240 samples/strip. Two correlator boards were used, centered
at 1420.405 MHz, each with a bandwidth of 3.125 MHz and
1024 frequency channels, resulting in a velocity resolution of
1.3 km s−1 after Hanning smoothing.

The correlator data were converted to brightness temperature
accounting for the gain variations with azimuth and zenith angle,
with a typical value of ∼9.5 K Jy−1 at ZA = 10◦. The data were
gridded and convolved with a Gaussian kernel to produce a data
cube with 3.′9 × 3.′9 angular resolution. A polynomial baseline
was subtracted using the line-free channels for each spectrum in
this cube. This baseline subtraction is a delicate and important
step as the most interesting information lies in the faint, broad
line wings. To verify that the baseline removal was robust, a
bandpass-corrected comparison cube was created using the OFF
spectra derived from the data at the beginning and the end of
each scan. The Galactic foreground emission in the OFF spectra
corrupted the low-velocity channel data, but the high-velocity
features should be more faithfully reproduced with the improved
bandpass correction. Comparison of the high-velocity channels
in the two cubes did not reveal any significant differences. All
the analyses presented in this paper are based on the former data
set. The 1σ rms noise in this data cube is around 0.1 K.

7 The Arecibo Observatory is part of the National Astronomy and Ionosphere
Center, which is operated by Cornell University under contract with the
National Science Foundation.
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X. H. Sun et al.: A Sino-German λ6 cm polarization survey of the Galactic plane. VII.

Fig. 3. λ6 cm images of SNRs. Polarized intensity is encoded in images, while contours show total intensities. Bars indicate B-vectors (observed
E-vectors + 90◦). The starting levels and the contour step intervals (both in mK TB) are for G16.2−2.7: 20 and 6, for G21.8−0.6: 800 and 250,
for G30.7+1.0: 10 and 15, for G34.7−0.4: 500 and 300, for G36.6−0.7: 20 and 10, for G39.2−0.3: 250 and 150, for G46.8−0.3: 50 and 50, for
G53.6−2.2: 6 and 15, for G54.4−0.3: 50 and 20, for G65.7+1.2: 30 and 15, for G67.7+1.8: 5 and 8, and for G69.7+1.0: 30 and 8.

6% for G73.9+0.9 (Reich et al. 1986). This can be ascribed to
beam depolarization.

For the first time we have detected polarized emission
from SNRs G16.2−2.7, G69.7+1.0, G84.2−0.8, and G85.9−0.6.
SNRs G84.2−0.8 and G85.9−0.6 are probably located behind
the H  complex W 80 (Kothes et al. 2001; Uyanıker et al. 2003).
It is therefore difficult to observe their polarization at lower

frequencies such as 1.4 GHz. The detection of polarization from
these objects finally confirms them as SNRs.

Where early polarization measurements have been made
with single dishes at λ6 cm for the SNRs, such as G21.8−0.6 by
Kundu et al. (1974), G30.7+1.0 and G73.9+0.9 by Reich et al.
(1986), G36.6−0.7 by Fürst et al. (1987), G65.7+1.2 (DA 495)
by Kothes et al. (2008), and G182.4+4.3 by Kothes et al. (1998),
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SNR W44

a) Urumqi at 4.8 GHz
b) Effelsberg at 4.9 GHz
c) SRT at 6.9 GHz

c)
b)

a)

Effelsberg at 5 GHz 
Altenhoff et al., 1978 

Urumqi at 5 GHz 
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The unique 20+90 cm receiver, 
coupled with a state-of-art Digital 
Backend (ATNF-DFB3), can be 
exploited for improving the quality 
of the ongoing tests of General 
Relativity and for performing 
additional unprecedented tests of 
the magnetosphere of pulsar B 

(talk Burgay, Ricci, Palomba 
+....)  
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Binary pulsars and strong-field scalar-tensor gravity • Heraeus Seminar Gilles Esposito-Farese, IAP, CNRS, France
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SRT science validation team: 13 February 2015 

 Some MSP commissioning observations 

PSR J1022+1001 

PSR B1937+21 



Observing Eclipsing and Transitional Pulsars  
The unique 20+90 cm receiver will be a unique instrument for investigating 

the radio eclipse phenomenology simultaneously at various frequencies 
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(talks Cadelano, Patruno, D’Avanzo, De Martino, Pintore, Sanna + ..-)  

Coming soon...  



PSR22 : a Galactic Center 
survey for Pulsars at 22 GHz 

(talk Burgay,  Sabatini, Baglio + ...) 

Large search for pulsars at unprecedently 
used radio frequencies 

As soon as the new 9cm 7-beam receiver will be ready 
PSR03 : a large scale targeted surveys (e.g.  Fermi sources, 

Globular Clusters, Open Clusters), for Pulsars at 3 GHz 

Coming soon...  



•  Extragalactic X-ray sources with 
luminosity > Eddington limit for 10 Msun 
BHs: IMBHs? Super-Eddington accretion? 

•  Radio - X correlation hints to “standard” 
accretion states, possible probe of IMBHs 

- used in hyper luminous X-ray sources 
(HLX) (Lx>1042 erg/s). Few Interesting 

works  [Mezcua+15] 

•  Jet observed in one ULX [Cseh+15] with 
the EVN  

•  Few detections, only with 
interferometers (VLA and EVN included) 

•   SRT can improve the effectiveness of 
EVN, mostly when operating at medium-

high frequency) 

(talk Zampieri, Bachetti + ...) 

ESO 243-49 HLX-1 - Cseh+15 

Holmberg II X-1 NGC2276-3c  
Mezcua+15 



When the SRT 
will be ready 

for guest 
observers? 



• Technical commissioning DONE 
• Opening official ceremony: 30 sett 2013 
•  Science validation will run until                 
≈ autumn 2015 

•  Early science shared-risk mode will likely 
run since early 2016 





[© R. Braun 2015] 

The SKA Board instructs the SKA Office to proceed with the design 
phase assuming a cost ceiling for SKA1 capital expenditures of  

€ 650 Million [2013 value]. 
€150 Million design  effort – fully funded 



[© R. Braun 2015] 
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[© R. Braun 2015] 



[© R. Braun 2015] 



[© R. Braun 2015] 



 from SKA Science book (Sicily 2014) 

•  Cosmic census    (Keane et al. 1501.00056) 

•  Testing Gravity    (Shao et al. 1501.00058) 

•  GW astronomy    (Janssen et al. 1501.00127) 
•  Understanding PSR Magnetospheres (Karastergiou et al 1501.00126)  

•  Understanding NS population   (Tauris et al. 1501.00005) 

•  Galactic & Intergalactic medium   (Han et al. 1412.8749) 

•  NS Equation of State   (Watts et al. 1501.00042) 

•  Pulsars in the Galactic centre   (Eatough et al. 1501.00281) 

•  Pulsars in Globular clusters   (Hessels et al. 1501.00086) 

•  Pulsar wind nebulae   (Gelfand et al. 1501.00364) 

Overview (Kramer & Stappers 1507.04423) 



The current pulsar 
population ≈ 2400 (with    

≈ 300 MSPs)  

The post-SKA1-searches 
pulsar population ≈ 12000  

and in particular a 
population of Millisecond 

pulsars ≈ 1500 



The current relativistic 
pulsars population ≈ 20-30  

The SKA1 relativistic 
pulsar population            

≈ 100-200  
and a timing precision 

better by a factor            
≈ 10-100 



From the ordinary PK parameters  BH mass with precision < 0.1% 

BH spin S with precision < 1% 
From precessional effects on semi-

major axis and  longitude of 
periastron 

FINDING AND TIMING A PSR CLOSELY ORBITING SGR A* 

From only 1 PK parameter  BH mass with precision < 0.001% 

From BH oblateness  BH quadrupole moment Q with precision ~ 1% 

€ 

q ≡ c 4

G2
Q
M 3From M & Q  Test of  ”No Hair theorem”  

€ 

χ ≡
c
G

S
M 2From M & S  

Test of  ”Cosmic Censorship 
Conjecture” [ Penrose 1969 ] 

€ 

χ≤1

FINDING AND TIMING A PSR-BH BINARY (AND MAYBE A PSR-MSP BINARY IN A 
GLOBULAR CLUSTER [Clausen et al. 2014]) 



The EoS of nuclear matter uniquely determine several NS observables: 
 M-R relation, moment of inertia I, cooling rate, minimum spin period Pmin 

and maximum mass Mmax above which NSs collapse to black holes.  

 “Black widow” and “redback” binary pulsars might host 
massive NSs, whose mass can be precisely determined 

with the combination of SKA-mid and E-ELT  

Most quantities will be precisely determined in a 
wide sample of NSs with SKA1-MID (M for ≈100 

pulsars + enhanced capabilities to observe very 
small Pmin,  and I at least for J0737-3039) E-ELT

(WD mass and radius)  and Athena (cooling rates) 

Best constraints expected from a 
combination of radio optical and X-ray 

constraints 





Thank you! 


