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The ESA-Haystack Telescope

Frequency 1420 MHz (Wavelength 21 cm)
Spectroscopy

Radiometer (flux calibrator = Library wall)
2.3 m diameter parabolic reflector

Rotation curve of the Milky Way
(Solar temperature)



We live here in the Milky Way which
rotates about its centre

galactic ¥ [kpc]
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; The emission from an
T object here will be seen
' 5 2 by us ‘blue-shifted’, i.e.

coming towards us.

This object will be seen
by us ‘red-shifted’, i.e.
moving away from us.
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What we observe at G90

G180

Four spiral arms ...

galactic v [kpc]
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The Orion spiral arm,
our home in the Galaxy
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We live here in the Milky Way which
rotates about its centre
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o i object here will be seen
S . o, by us ‘blue-shifted’, i.e.
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This object will be seen
by us ‘red-shifted’, i.e.
moving away from us.
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Oort’s formula

Assume: all stars move on circular orbits

l Vrap () = (Vrot(R) * Re/R —vg) sin £

—

Gal.Centre )

¢(U (R)



A special case

At longitudes | < 90° we observe a
maximum radial velocity ...

... from the matter that we see
moving radially away from us ...
... Which is the radius to which our
line-of-sight is a tangent!

radial velocity [kimSs]
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Vrap,maxtd) = (Vrot(R) Re/R — V) sin £ !
with R = Rgsin | 100 F
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What we had done

e Spectra at various positions in the inner Galactic
Plane (GO = SgrA ... G90)

— Frequency centre and span chosen to cover the entire
feature

— Observed until the (red) averaged spectrum looked
smooth and pretty noise-free

* Now we have all spectra in one data file ...



... and we use SRTanalyser.java

B sRTanalyser _ ol %]
IGDG12D_1 bt

Displays | Baseline | open | Reopen |  ada | Pos-vmap |Pos-distmap| xvmap | Pwrpos) | spectum | xv |
0 a0
| onls drag & zoom unZoom |
H= ¥= i
-150 150 i i latitude = U
vrad radial velocity [kmis]
4300 Q
== = [
100
Write TAT writeFITS
Flots: mean = — disp. = — FWHM =  —
Map colour cading |Rainbnw j
limits autorange i
) 122.3235 0.0
maximum
. 0 0.0
minimum
o 300 ! i
bins in xy-map no pixel caorr. distance corr.: 0
210 0
rotation curve: vsun dvdr B —
200 250 10
overplot vrot

Analyse Galactic data from ESA-Haystack
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... display the spectrum for G30

Pos-\ map iF‘ns—dist.mapi XY map Pwr{pos) i Spectrum i Y i

drag & zoom unZoom i

¥=124 06483 y=4 32882
Fower [counts)

50

Read the maximum velocity

radial velocity [kinfs]



The data reduction

e How this is done?

* Let us look at it step-by-step

* You can write your own program in Basic, C,
FORTRAN, Java, Python, ...



Some generalities

For galactic studies we won’t do any flux
calibrations

We observe spectra = the powers at a range of
frequencies (i.e. radial velocities)

We take a number of spectra at each position
=>» we’ll use the average spectrum

My slang: ‘spectrum’ = all the 202.. points of
data ... i.e. do everything for all those points



(1) When we move to another position, this is recorded as a comment

Structure of the data file

* cmdfil: line 198 : galactic 65 0
(other comments are marked with an asterisk ...)

(2) Measurements are a number of data lines:
At each moment of time, the entire spectrum is recorded as

02:15:10

Time [UT]

157.5 65.1 00

position
AZ EL

..] VLSR

-35.78

[km/s]

1419.61 0.00781250 5 202 |20.0 25.0 44.0 ....

<& frequency grid info =2 |€< spectrum ....

freql fstep . nf |pl p2

[MHz] Number of

frequencies

(3) For each position, we average for each frequency
the powers from this position, to get the
average spectrum.

p3 ...
powers are given
for all frequencies,
starting with the first
one (freql) and with
the step fstep:

f(k) = freql + k*fstep



Stepl: make the frequency grid

ECARTYPE * X o/ A& =L3+5H5Y

F 5 H | | J k. L V1 [

1 |galactic 30 0

2

First frequency *ﬁ 1419 43: 1419 438:'3+-_IH-_IH 11413.453
4 vrad 216.0939 214 445 212 7961 211.1472
5 power 16.33333)  20.375| 35.79167| T2.125
o

9 101 1419430007813 6 248 19 23 42 85
10 10120 141943 0 00RG13) 6|248 19 24 42 K
11 10150 141943/ 0000130 61248 16 20 36 72

Frequency step




Step2: make the velocity grid

ECARTYPE & =-(K3/1420 406-1)*299790-5F 59
F G K L X
galactic 30

freq I 1419.43] 1419 435 1419 446
vrad |=-(K3/142] 214445 212.7961
power 1633333 20.375| 35.79167
[ 101] 141943 0007813 6 248 19 73 47
12| 1419.43 0.007813 6 248 19 74 47
015 141943 0.007813 6 248 16 20 36
101 141943 0.007813 6 248 17 71 36

VLSR correction




Step3: get average powers

ECARTYPE  » X o /& =MOYENNE(KI K32)
F (5 H | | J K L [V

1 |galactic 30 0
Z
3 freq 1419 4341419 438| 1419 446
4 vrad 216.0939Y 214 445 212 7961
d] powWer =f'v'1[]TE[*l! 20.375| 3579167
o
9 1001 141943 0.007813 b 243 19 23 42
10 10120 141943 0007813 b 243 19 24 42
11 10150 141943 00073813 b 243 16 20 36
12 -10 4 1419 43 0 A0F3973 B34 8 17 21 A5
13| 10
T 1090 ~

MOYENNE = AVERAGE




Step 4: Plot the average spectrum

power [cts] The galactic emission
_I LI 1T 1T 1 I | L 1T 1T 1 | 1T 1T 1 is this excess area!
1S M - _% _______
- - \ Let us assume that the
I background spectrum
1000 — . . .
i is such a straight line
i That’s only the i
i background noise |
a0l —
I:I _I | I | | L1 1 1 I L1 1 1 | L1 1 1 | L1 1 1 | | I T | I L1 1 1 | I | ]

100 0 100 200
radial velocity [krmis] (or frequency ...!!)



Step 5: Subtract background (‘baseline’)

power [cts]

I (a) Chose two points A and B

1000 (b) First guess their coordinates
. (c) Compute for all frequencies the
- background powers:

Y=Yat (X'XA) * (yB'yA)/(XB'XA)

00 -
i (d) Subtract this spectrum from the
- data (all frequency points!), and plot
i these baseline-subtracted data
] 1 1.1, (e)Adjustthe valuesy, and yg until the

-100 0 flat parts left and right of the feature

ral becomes zero ...



In Excel it looks like this

NCE - X J A =Hd-[$GE+(I{2-$HE)I[$EFW-$HE]*[$HE-$GE]}||
|c|[DJEJF | 6 | I S R I T R
freg 14.20.01 1420.02 1420.03 1420.03 1420.04
wrad 58.25 ab.60 a4.95 53.30 51.65
flux 12.20 16.21 2B.34 2749 101.78
const. baseline ak0 t-base -547 .80 -544 .79 -533.6h -507 M -453.22
I:uaselzr 552I EESI f-hase |=kKA4A-(FGE+(K] -537 000675 -526. 0720735 -499 524721 -451.045255
EL Ao Eo YLSR fstart fsten mf 'nf
power [ots]
_I 1T | T T 1T I T T 1771 | T T 1T I T T 1771 | T T T I T T 1T T I_
100 [ —
50 [ Well done!
I:I _I 1 ||‘||A.|I‘| L1 I L1 1 1 | L1 1 1 I L1 1 1 Mmm L | 1 I_
-100 1 100 200

radial velocity [kimis)]



power [cts]

Analysis

1600

1500

1400

A

1300

VAR

1200

(1) Get the lowest frequency of galactic features

1100

1000

... or the highest radial velocity
|

1420.2

14204 1420.6 1420.8 1421 1421.2 1421.4
frequency [MHz]

(2) apply Oort’s formula
at R = Rgsin £ we have rotation speed

Vrot(R) = Vrapmax(¥) + Ve Sin £



Collect the data from longitudes

ECARTYPE » X o A =BIZ4"SINIRADIANSAR))

A | B | C | D | E |
1
2
3 |gal.long vrad _max Rmax v0 * sinl vrot
4 10 485 1.47600951 382025991 86.7025991
5 15 70 219996188 569401899 12694019
6 E EIIII 100{=B524*SIN{R] 75 2444315 175244432
7 25 122 3592255220 929760176 214 976018
g 30 118 4.25 110 228
9 35 109 487539971 126186816 235.186816
10 40 94| 546369468 141.413274| 235413274
11 45 80| 6.01040764 155563492 235563492
12 A0 73| BAM3TTTT 168529777 241 529777
13 A5 65| 696279238 18021345 24521345
14 60 1.7 T.36121593| 190525589 242 225589
15 65 44| 770361619 199.387713| 243.387713
16 70 33| 798738728 206.732377| 239.732377
17 75 24| 821036952 212503682 236503682
18 80 23| 83708659 216657706 239 657706
19 85 20| 846765493 219162834 239162834
20 90 17 8.5 220 237
21
22
23
25 |vsun 220 km/s
26
T
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What you might get ...

galactic rotation curve (24 march 2010)

-ﬂ""'".’-
This ‘flat’ curve means trouble!
Sun
1 2 3 4 5 6 7 8 9

galactocentric radius [kpc]



...flies in the face of physics

The observed curve does not
go down — things get even worse
galactic rotation curve (24 m fyrther out! — needs postulation

of ‘dark matter’...?! ®
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rotational speed [kmis]
o
o

100
/ What we should expect if visible
50 matter (stars+gas) would account
/ for the gravitational attraction *
Sun
0 | | | | |
0 1 2 3 4 5 6 7 8 9

galactocentric radius [kpc]
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Solar temperature |

 We do not need the spectral details

e Just add (SUM or AVERAGE) the fluxes of all
frequencies in a spectrum ...

e ... butdo NOT use the first 9 and the last 9

frequencies: the border regions!
1420.12 span 0.50 MHz

T

av.spec: 029 min fram 33 spectra




Solar temperature Il

power
EDDD 1 I I I I I I I I I I I I I I I I T 1]
- SUN )
_ _W@m_ TANT |
B ] Psun = 1800
B flux ] Psky = 1000
1500 I calibration_
at : Pcal = 1330
i 200K  ISU |
_ B A gives antenna temperature
i Tant = 290K * (Psun-Psky)/(Pcal-Psky)
| = 290K * 2.4
L I OK = 700 K
oun SKY = background jﬂ
mi | | |
1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 alll 100 140 200

spectrumtt



Solar temperature Il

* The sun has a diameter of 0.5°, thus much
smaller than the antenna beam (6°)

e Solar radiation fills the antenna beam with
only a fraction of (0.5°/6°)? = 1/144

 The calibrator of T=290 K fills the entire beam,
so if one wants to get a solar sighal of 2.4
times the calibrator, the solar surface
temperature must be 144 times higher than
the antenna temperature:



The temperature of the solar
surface is:

290K * 2.4 * 144 = 100000 K

/' )

Measured sun

| 1

Tant = 700 K Measured: Antenna beam width

Ground
| calibration




solar flux [SFU]
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Solar temperature IV

Haystack /
photosphere
——corona /
—"theory"
# observed (NOAA, 27 jul 2010) 2000 DDD K
*
/ Dresden
10 100 1000 10000

frequency [MHz]

100000



Temperature [K]

Solar temperature V

10000000
® NOAA obs.
Corona —fit curve
—
1000000 W our observ.

\'\ Dresden
100000 ] i

o
Chromosphere
10000 f e
Haystack Photosphere—
1000 |
10 100 1000 10000 100000

G.Regikumar SSP10-PS

Frequency [MHz]



