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Please read the general instructions in the separate envelope before you start this problem.

Measuring the Perseus arm using 21 cm HI line data

Context

Our goal here is to kinematically estimate the distance of (part of) the Perseus Arm of the Milky Way
(Figure 1), from the center of the Milky Way, based on the line-of-sight velocity of neutral hydrogen gas
via its 21 cm emission line.

Sun's orbit

Figure 1: Distance-galactic  longitude map of the Milky Way arms
https://en.wikipedia.org/wiki/Perseus_Arm#/media/File:Milky_Way_Arms_ssc2008-10.svg
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For this problem we will use a subset of the Canadian Galactic Plane Survey (CGPS, Figure 2), in which
individual radio telescope pointings can each yield the 21 cm line spectrum emitted by all the galactic
neutral hydrogen along the line of sight of the radio telescope.
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Figure 2: Canadian galactic plane survey http://www.ras.ucalgary.ca/CGPS

By translating the Doppler wavelength shift of the 21 cm emission to a line-of-sight velocity, it is then
possible to identify individual emission components that correspond to distinct galactic arms. This iden-
tification allows for a reconstruction of the shape of each arm with respect to the Galactic Center.

In the spectrum corresponding to a radio telescope pointing, the Perseus arm can be readily identified
because it is often the brightest feature along each line of sight.

The frame of reference of the radio telescope observations can be taken to be the Sun, located at a
distance R, from the Galactic Center (GC). The telescope has a pointing along a Line of Sight (LOS) defined
by a galactic longitude I and a fixed galactic latitude b = 0. Along this LOS, the telescope picks up the
emission of a parcel of neutral H gas from the Perseus arm that is located at a distance » from the Sun.
This same parcel of gas is located at a distance R from the Galactic Center. Let us assume that both the
Sun and the gas parcel are in exact circular orbits around the GC. Additionally, it can be assumed that
both the Sun and the gas parcel are in the region where the rotation curve of the Milky Way is flat. The
measured (Doppler) velocity is denoted as v; g, Which equals to the velocity of the gas parcel along the
line of sight.



Team Competition

Q1-3

English (Official)

BGR-1 C-1 Q-3

International Olympiad on Astronomy and Astrophysics

Data set

For this problem we attach a .csv file (21cmsurvey_full.csv, Excel and other spreadsheet software-
readable) which contain 21 cm HI line brightness temperature (7;) data vs. line-of-sight velocity (V;g)
for a range of galactic longitudes (for galactic latitude = 0).

Row 1: Line-of-sight velocities v, ¢ (173 values, units: kms1).
Column 1 (after row 1): Galactic Longitude [ (1024 values, units: °).

Rows 2-1025: 21 cm HI Brightness Temperature 7, (units: K). Each row yields the spectrum for the
pointing defined by [ (row name - column 1). There are thus 1024 spectra. Each spectrum has 173 T,
measurements, one for each v, .

A B © D E F G
1 |I0ngitude | 17.499242 16.674782 15.850322 15.025862 14.201402 13.376942
2 142.195 7.6806355 -3.6773872 10.236036 12.072731 2.6496887 -5.4096527
3 142.2 -2.3566856 -17.443382 10.948601 15.752264 -5.6430779 -4.0766678
4 142,205 -7.2586327 -16.816818 11.409309 14.382421 -8.1247673 -2.1908302
5 142.21 -4.8997993 -1.3861237 8.1782017 0.1741447 -6.5460701 2.8831139
6 142.215 1.4211311 17.361675  3.865963 -19.79607 -5.4956512 10.672174
7 142.22 10.801174 29.229548 6.5995045 -28.279266 -6.2942162 17.140533
8 142,225 15.174841 25.408731 12.852865 -18.843937 -8.4810486 11.249598
9 142.23 11.863876  11.36631 13.676001 -3.8985252 -8.6407623 -3.4193878
10 142.235 1.5808449 -5.765934 4.6522408 3.5158234 -6.70578 -18.493797
alil 142.24 -3.855526 -13.573421 -5.8457909 0.7269974 -4.1995239 -23.408031
12 142.245 -1.1465569 -7.5473442 -7.0313492 -3.400959 -1.7116928 -18.352516
13 142.25 5.9913673 8.6634827 2.0968399 -1.6011238 4.3635292 -6.9637794
14 142,255 9.1303349 24.567169 13.166147 4.2713852 13.448717 4.9778061

Part 1 (50 points).

1.1

Make a spectral plot of v, ¢ vs. T}, for an adequate number of different values

(at least 20 plots) of galactic longitudes covering the full range of observations.
Identify the peak line of sight velocity of the Perseus gas parcel at each of the

plotted longitudes. Make sure to evenly sample the data set.

Note: Use the plot of the first or the last longitude as a guide to identify correct
peaks in the plots at the intermediate longitudes.

1.2

Why does the emission near v, g = 0 (which we associate with our local arm)

5.0pt

have a lower brightness temperature than the emission from the Perseus arm?

45.0pt
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Part 2 (20 points).
2.1 Derive an expression to calculate R from v g, v, and I. You can assume: 20.0pt
* That both the Solar System and and the Perseus arm gas parcel along
the line of sight have a purely tangential velocity, with a negligible radial
component.
+ Aflat galactic rotation curve, i.e.
VI = Ve
where v is the velocity of the gas parcel.
Part 3 (20 points).
3.1 Using the v; ¢ values you found earlier, make a plot of galactic longitude [ vs.  20.0pt

R (radius with respect to the Galactic Center, in kpc) for the Perseus arm. Find
the average distance of the Perseus arm for the given longitude range. Also
report the standard deviation in your result. Use the values:

Vg A 225 kms!

R, ~ 8 kpc

Part 4 (25 points).

41 The data also shows 21cm emission from the Norma arm of the Milky Way,  25.0pt
which is its outer arm. This emission is most clearly seen around the galactic
longitude of 145°. Repeat the exercise for the Norma arm to find its distance
from GC. Use at least 5 data points to determine the distance of the Norma arm
from the Galactic Centre (at these galactic longitudes).
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OT60peH Typ: Pagno-actpoHomus (115 Toukm)

Monsi, npoyeTeTe 06LMTE UHCTPYKLUMNM, KOUTO Ca B OTAE/IEH MUK, NPeaU Aa 3arnoyHeTe ja paboTute no
Tasu 3ajauva.

MN3mepBaHe Ha cnupanHusa pbkas B Mepceid, UsnonsBaMikn AaHHU, NOSTyYeHN Ha IMHMATa 21 cm
HI

HalwaTa Len e no KnHeMaTUyeH HauvH Ja OLeHVM Pa3CToSHNETO OT CNMpanHUA pbkas B [MNepcei (Mnu
OT HAKaKBa YacT oT Hero) (Purypa 1), A0 LeHTbpa Ha MneyHMs NbT, U3MNOoA3Baliky TbYeBaTa CKOPOCT Ha
BOJOPOAHUSA ras, U3MepeHa yYpes eMUCMOHHATa IMHNA Ha 21 cm.

Sun's orbit

durypa 1: Kapta nokassalla pa3CTOSHUETO U rafakTUYHaTa Ab/HKMHA Ha pbKaBuTe Ha Mneu-
HUa nbT https://en.wikipedia.org/wiki/Perseus_Arm#/media/File:Milky_Way_Arms_ssc2008-
10.svg
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3a 1a3n 3agau4a, e 13nosi3Bame N3BagKka ot AaHHW, nosydeHn oT CGPS (Purypa 2), B KOATO OT eANHNY-
HUTe HaboAeHNS Ha PaAno-TeNleckonmTe MOXe Aa ce NoJy4yu CrekTpasHaTa IMHKA Ha 21¢m, u3nbyeHa
OT BCUMYKUNSA HeyTpaneH BoAopo B NanakTnkaTa, KOMTO e No ibya Ha 3peHure Ha Teneckona.

MNorma arm

" 3-5kpering
em——

durypa 2: Canadian galactic plane survey http://www.ras.ucalgary.ca/CGPS

Upes npeBpbLLAHETO Ha AOM/IePOBOTO M3MECTBAHE Ha PaANOBbB/IHATA HA Ab/IXXMHA 21cm B TbYeBa CKO-
POCT € Bb3MOXHO Aa Ce NAeHTUPUUMpPaT MHANBUAYATHNTE EMUCMOHHN KOMMOHEHTU Ha JIMHUSI, KOUTO
CbOTBETCTBAT Ha pas3/INYHY pbKasu Ha [anakTukaTa. ToBa No3Bo/siBa Aa Ce Ja e Bb3CTaHOBsBU $op-
MaTa Ha BCekU pbkaB, OTHOCHO LieHTbpa Ha FanakTukara.

B cnekTbpa, KOMNTO € Nony4yeH Npu CbOTBETHOTO Haco4YBaHe Ha pajno-Teneckona, pbkasbT B lNepceli
MOXe Aa NIeCHO Aa 6bae naeHTuduLUMpaH, 3aLloTo Hal-4ecTo HeroBaTa KOMMOHEHTa e Hal-ApKaTa rno
’bYa Ha 3peHue.

Moe Aa ce nNprieme, Ye LLeHTbPBLT Ha OTNPaBHaTa CUCTEMA Ha pajno-HabatoAeHneTo cbBnaga ¢ CnbH-
LleTo, KOeTo ce HamMKpa Ha pascTosiHue R, OT LieHTbpa Ha ManakTunkaTa (GC). TeneckonsT HabtoAaBa No
3puTteneH nbu (LOS), sedrHMpaH OT ranakTMuHa Ab/KUHa | 1 drKCMpaHa ranakTuuHa WnpuHa b = 0.

Mo TO3U 1bY Ha 3peHue, TeNECKOMbT PerncTprpa N3NbYBAHETO Ha YacT OT HEYTPaNHUST BOLOPOAEH ra3
OT pbKaBa B lNepcel, KoATo ce HaMMpa Ha pascTosiHue r oT CAbHLUeTOo. Tasn YacT OT BOAOPOAHUS ra3 ce
HaMupa Ha pa3cTosiHWe R OT LeHTbpa Ha ManakTukarta.

Heka ga npuemem, ye 1 CIBHLETO, 1 TasM YacT OT BOAOPOAHMS ra3 ce ABWXAT MO KPbroBU opobuUTY
OKOJI0 LieHTbpa Ha MneyHust NbT. CbLUO Taka, MOXe Ja ce Npearnosioxu, Yye Te ce HammpaT B pervoH
oT M/leuHus MbT, KbAETO KpMBaTa Ha BbpTeHe Ha ManakTukaTa e Xopm3oHTanHa. O3HayaBame nsmepe-
HaTa (4onnepoBa) CKOPOCT C Vi g, W TS € paBHa Ha KOMMOHEHTaTa Ha CKOPOCTTa Ha Tasu 4acT oT rasa,
M3MepeHa Mo Mbya Ha 3peHue.
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AaHHn

B Tasu 3asauva e npukadeH .csv dain (21cmsurvey_full.csv, kolito moxe aa 6bae npoyeTteH oT Excel n
Apyrv nporpamu 3a paboTa C eNIeKTPOHHM TabuuLm), KOMTO CbAbpXKa AaHHW 3@ APKOCTHaTa TeMmnepaTtypa
(T,) Ha nnHWATa 21 cm HI kaTo $yHKUMS OT AbUeBaTa ckopocT (V, og) 3@ Pa3INYHN ranakTUKn AbDKUHN
(Mpwv ranakTUyHa WrnpmHa = 0)

Peg 1: CKOpPOCT MO S1bYa Ha 3peHUe v, g (173 CTOMHOCTU, MepHa eanHuLA: kms1).
KonoHa 1 (cnea pea 1): FanaktnyHa gbmkunHa ! (1024 CTOMHOCTY, MepHa eanHuLa: °).

Pepose 2-1025: fipkocTHa TemnepaTypa 1;, (M3mepeHa B K) Ha InHuAaTa 21 cm. Ha Bceku pej CbOTBeTCTBa
CNeKTbP, AePUHMPaH OT rasflakTMUHaTa AbKWHa [ (row name - kosioHa 1). CnegosatenHo, nmame 1024
crekTbpa. Bcekn cnekTbp cbabpxa 173 namepBaHua 3a 1y, N0 eHO 33 BCAKA vy -

A B € D E F G
1 |I0ngitude | 17.499242 16.674782 15.850322 15.025862 14.201402 13.376942
2 142.195 7.6806355 -3.6773872 10.236036 12.072731 2.6496887 -5.4096527
3 142.2 -2.3566856 -17.443382 10.948601 15.752264 -5.6430779 -4.0766678
4 142.205 -7.2586327 -16.816818 11.409309 14.382421 -8.1247673 -2.1908302
5 142.21 -4.8997993 -1.3861237 8.1782017 0.1741447 -6.5460701 2.8831139
6 142,215 1.4211311 17.361675  3.865963 -19.79607 -5.4956512 10.672174
7 142.22 10.801174 29.229548 6.5995045 -28.279266 -6.2942162 17.140533
8 142,225 15.174841 25.408731 12.852865 -18.843937 -8.4810486 11.249598
9 142.23 11.863876  11.36631 13.676001 -3.8985252 -8.6407623 -3.4193878
10 142.235 1.5808449 -5.765934 4.6522408 3.5158234 -6.70578 -18.493797
all 142.24 -3.855526 -13.573421 -5.8457909 0.7269974 -4.1995239 -23.408031
12 142.245 -1.1465569 -7.5473442 -7.0313492 -3.400959 -1.7116928 -18.352516
13 142.25 5.9913673 8.6634827 2.0968399 -1.6011238 4.3635292 -6.9637794
14 142.255 9.1303349 24.567169 13.166147 4.2713852 13.448717 4.9778061

YHacTt 1 (50 Toukn).

1.1 HauepTaiiTe cnekTpanHO pa3npejeneHne Ha v;,g KaTto ¢yHKUma oT T, 3a
[LOCTaTbYHO ronsiM 6poii pasnnNyHM CTOMHOCTY (NoHe 20) Ha rafakTU4HaTa AbA-
XUMHa, NOKpMBaLUW Uenus AmanasoH Ha HabnwgeHuaTa. NaeHTnouumpanTe
Hal-BMCOKaTa CKOPOCT MO ibYa Ha 3peHKre Ha 4YacTTa OT rasa B pbkasa B Mep-
cell 3a BCAKa efjHa OT rafakTUYHUTE LWPUHK, 3@ KOUTO CTe HayepTanu pasnpe-
JeneHneTo. YBepeTe ce, Ye 13MoJi3BaTe paBHOMepPHAa M3BajKa OT AaHHW.
Benexka: M3nonearite pasnpeseneHmneTo 3a NbpBaTa U NOCNeAHaTa AbKN-
Ha KaTo OPUEHTUP 3a MPaBUIHUTE MaKCUMAaNHaNAHW CTOMHOCTU Ha CpeaHuTe
ABIDKNHN,

45.0pt

1.2 3aLL0 3NBYUBAHETO OKOI0 v; g = 0 (KOETO H1e acoLummpamMe C pbKkaga, B KOTO
ce Hamupame) Ma No-HNCKa APKOCTHa TemnepaTtypa OT U3NbUYBAHETO OT pbKa-

Ba B [epcein?

5.0pt
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HacT 2 (20 TOUuKn).

2.1 MN3BejeTe n3pas, C KOUTO MOXe Aja ce NMpecMeTHe R OT vy ng, Vo, W . MOXe Aa
npuemerte, ye:
+ CnbHYeBaTa cMcTemMa M YacTTa OT rasa B pbkaBsa B [lepceit nmaT nsuyano
TaHreHUWaaHN CKOPOCTU C MPeHebpexXnMo Masikm NbyeBn KOMMOHEHTH,
OTHOCHO /1bYa Ha 3peHune .
* KpvBaTa Ha BbpTeHe Ha [anakT/KaTa e XOPU30HTaJIHa, T.e.

VI = [V

KbAeTO vV € CKOPOCTTa Ha YacTTa OT ra3a.

20.0pt

YHact 3 (20 ToOUuKkn).

31 M3non3Baiiku CTOMHOCTUTE Ha vy, g , KOUTO BEYe HAMEPKUXTe, HauepTaliTe rpa-
duvKa Ha ranakTuyHaTa Ab/KMHA | KaTo GyHKLUMS Ha R (pa3CcToAVHMETO OT LeH-
Tbpa Ha lNanakTnkaTa B kpc) 3a pbkaBsa B Nepceli. HamepeTe cpeaHOTO pascTo-
SIHVE 3@ HAKAKBB MHTepBas No Ab/MKMHA. CbLLUO Taka, HaMepeTe CTaHAaPTHOTO
OTK/IOHeHWe Ha Balumnsa pesyntart. Misnon3savite ciefHUTE CTONHOCTA:

U & 225 kms™!

Ry ~ 8kpc

20.0pt

HacT 4 (25 Toukn).

4.1 B faHHWMTe CbLLO Taka MPUCHCTBA M U3/TbYBaAHETO Ha 21c¢m oT pbkaBa Ha Mnaeu-
HUWA BT, KOWNTO e B Cb3Be3AMeTo brnomep v KOWTO e BbHLUEH pbkas. ToBa ns-
NbuBaHe ce HabNAaBa Hali-ACHO OKOJ0 ralakTUYHa Ab/MKMHa 145°. MoBTOpe-
Te YNpaXHEHWETO 3a pbKaBa B Cb3BE3AMETO briomep n HaMmepeTe pa3CcTosAHN-
eT0 OT Hero Ao LeHTbpa Ha ManakTukaTta. 13non3sainte noHe NeT TOYKMK, 3a ja
HamMepuTe TOBa Pa3CTosAHKeE (OKOJ/I0 MOCOYeHaTa rajsiakTMyHa Ab/DKUHA).

25.0pt




