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2 Àììèàê â àñòðîôèçèêå
Ãðàâèòàöèîííàÿ ëèíçà B0218+357
Ãðàâèòàöèîííàÿ ëèíçà PKS 1830-211
Ìîëåêóëÿðíûå îáëàêà â Ãàëàêòèêå
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Áåçðàçìåðíûå ôóíäàìåíòàëüíûå ïîñòîÿííûå

Ïîñòîÿííàÿ òîíêîé ñòðóêòóðû α = e2/(~c) ÿâëÿåòñÿ
êîíñòàíòîé ñâÿçè â êâàíòîâîé ýëåêòðîäèíàìèêå.

Îòíîøåíèå ìàññ ýëåêòðîíà è ïðîòîíà µ = me/mp. Ìàññà
ïðîòîíà ïðîïîðöèîíàëüíà ôóíäàìåíòàëüíîìó ïàðàìåòðó
êâàíòîâîé õðîìîäèíàìèêè ΛQCD , ò.å. µ ∼ me/ΛQCD .

ßäåðíûé g-ôàêòîð gn. Â QCD gn äîëæåí âûðàæàòüñÿ ÷åðåç
ìàññû êâàðêîâ è ïîñòîÿííóþ ΛQCD , íî äëÿ àòîìíîé
ôèçèêè gn ÿâëÿåòñÿ íåçàâèñèìîé ïîñòîÿííîé (êîòîðàÿ
âñåãäà âõîäèò â êîìáèíàöèè gnµ).
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Áåçðàçìåðíûå êîýôôèöèåíòû ÷óâñòâèòåëüíîñòè

Åñëè ôóíäàìåíòàëüíûå ïîñòîÿííûå ìîãóò ìåíÿòüñÿ, òî äëÿ
÷àñòîòû ïðîèçâîëüíîãî àòîìíîãî ïåðåõîäà ìîæíî íàïèñàòü:
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Äëÿ òîãî ÷òîáû îáíàðóæèòü ýòî èçìåíåíèå íàäî ñðàâíèòü ïî
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Âèäíî, ÷òî ýôôåêò ïðîïîðöèîíàëåí ðàçíîñòè áåçðàçìåðíûõ
êîýôôèöèåíòîâ ÷óâñòâèòåëüíîñòè ∆Q.
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Ïðèìåðû çàâèñèìîñòè ÷àñòîò ïåðåõîäîâ àòîìîâ è
ìîëåêóë îò ôóíäàìåíòàëüíûõ êîíñòàíò (â a.u.)

Äëÿ îïòè÷åñêèõ ïåðåõîäîâ â ëåãêèõ àòîìàõ
Qα ≈ Qµ ≈ Qg ≈ 0

Òîíêàÿ ñòðóêòóðà ∼ α2 ⇒ Qα ≈ 2.

Ìàãíèòíàÿ ñâåðõòîíêàÿ ñòðóêòóðà âîäîðîäà ∼ α2gnµ.
Êîëåáàòåëüíàÿ ñòðóêòóðà ∼ µ1/2.
Âðàùàòåëüíàÿ ñòðóêòóðà ∼ µ.
Èíâåðñèîííàÿ ëèíèÿ NH3 (1.2 ñì) ∼ µ4.46.
Ëèíèÿ Λ-äóáëåòà OH (18 ñì) ∼ α−1.14µ2.55.
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Îãðàíè÷åíèÿ èç ýêñïåðèìåíòîâ ñ àòîìíûìè ÷àñàìè

Íåêîòîðûå íåäàâíèå îãðàíè÷åíèÿ, ïîëó÷åííûå èç ñðàâíåíèÿ
ðàçëè÷íûõ àòîìíûõ ÷àñîâ.

Ãðóïïà, ãîä Îãðàíè÷åíèå Èñïîëüçóåìûå ÷àñû

1015 × α̇/α yr−1

Rosenband et al. (2008) −0.016± 0.023 27Al+ 199Hg+

Fortier et al. (2007) −0.55± 0.95 133Cs 199Hg+

Peik et al. (2006) −0.26± 0.39 171Yb+ 199Hg+

Cing�oz et al. (2006) −2.7± 2.6 163Dy 162Dy
Fischer et al. (2004) −0.9± 2.9 H 199Hg+

1015 × ẋ/x yr−1, x = gnme/mp

Fortier et al. (2007) 3.0± 5.7 133Cs 199Hg+
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Ñðàâíåíèå ëàáîðàòîðíûõ è àñòðîôèçè÷åñêèõ íàáëþäåíèé

• Õàðàêòåðíîå âðåìÿ ëàáîðàòîðíîãî ýêñïåðèìåíòà ïîðÿäêà
îäíîãî ãîäà, òîãäà êàê â àñòðîôèçèêå � îò ñîòåí ëåò äî 1010 ëåò.
• Òî÷íîñòü ëàáîðàòîðíûõ èçìåðåíèé â 107 � 1010 ðàç âûøå.
• Ëàáîðàòîðíûå è àñòðîôèçè÷åñêèå íàáëþäåíèÿ äîïîëíÿþò
äðóã äðóãà: â ïåðâûõ èçìåðÿåòñÿ ẋ/x , âî âòîðûõ èçìåðÿåòñÿ
∆x/x êàê âî âðåìåíè, òàê è â ïðîñòðàíñòâå.
• Â àñòðîôèçèêå òðóäíåå êîíòðîëèðîâàòü âîçìîæíûå
ñèñòåìàòè÷åñêèå îøèáêè, ïîýòîìó â âàæíî èñïîëüçîâàòü ëèíèè
ñ áîëüøèìè êîýôôèöèåíòàìè Q.
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Èíâåðñèîííàÿ ìîäà ìîëåêóëû NH3
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Àíàëèòè÷åñêîå ðåøåíèå [Ëàíäàó & Ëèôøèö]

Êâàçèêëàññè÷åñêîå ïðèáëèæåíèå äëÿ ÷àñòîòû òóííåëèðîâàíèÿ
äàåò:
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Êîýôôèöèåíòû ÷óâñòâèòåëüíîñòè Qµ äëÿ èíâåðñèîííîãî
ïðåõîäà â ðàçëè÷íûõ èçîòîïîëîãàõ àììèàêà.

Ìîëåêóëà Äåéñòâèå S Qµ
14NH3 5.9 4.4
15NH3 6.0 4.4
14NH2D 6.5 4.7
14ND2H 7.3 5.1
14ND3 8.4 5.7
15ND3 8.5 5.7
15ND3

∗ 5.6

*) van Veldhoven et al. [Eur. Phys. J. D,31, 337 (2005)].
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Áåçðàçìåðíûå êîíñòàíòû
Ýêñïåðèìåíòû ñ àòîìíûìè ÷àñàìè
Èíâåðñèîííàÿ ëèíèÿ àììèàêà
×àñòè÷íî äåéòåðèðîâàííûé àììèàê

Ñìåøàííûå ïåðåõîäû â NH2D è ND2H

Äëÿ ÷àñòè÷íî äåéòåðèðîâàííîãî àììèàêà èíâåðñèîííûå óðîâíè
èìåþò ðàçíóþ îðòî-ïàðà ñèììåòðèþ. Ïîýòîìó, èíâåðñèîííûå
ïåðåõîäû íàáëþäàþòñÿ òîëüêî â ñî÷åòàíèè ñ âðàùàòåëüíûìè.
Äëÿ òàêèõ ñìåøàííûõ ïåðåõîäîâ

ω = ωr ± ωinv ,

è êîýôôèöèåíòû ÷óâñòâèòåëüíîñòè èìåþò âåëè÷èíó

Qµ =
ωr
ω
Qr,µ ±

ωinv
ω

Qinv,µ ,

ãäå Qr,µ = 1 è Qinv,µ = 4.7 (NH2D) èëè Qinv,µ = 5.1 (ND2H).
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Ãðàâèòàöèîííàÿ ëèíçà B0218+357

Íàèáîëåå èçó÷åííûé äàëåêèé îáú-
åêò, ãäå íàáëþäàëèñü ëèíèè NH3,
ýòî ãàëàêòèêà B0218+357 èìåþùàÿ
êðàñíîå ñìåùåíèå z ≈ 0.68466. Ýòî
ñîîòâåòñòâóåò ïðèìåðíî 6×109 ëåò.

Ðèñ. Èíâåðñèîííûå ëèíèè àììèàêà
ωinv(J,K ) [Ñ Henkel et al. Astronomy
and Astrophysics, 440, 893 (2005)].
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Table 1. Observational parameters.

ν θab T b
sys ηc

a

(GHz) (arcsec) (K)
5.9 130 35 0.53

13.7–17.8 65–50 50 0.40
21.6–25.8 40–35 50 0.35
43.0–43.2 22 125 0.16

a Full width to half power (FWHP) beam widths.
b System temperatures in units of antenna temperature (T ∗A).
c Aperture efficiencies, see the Effelsberg calibration pages in
www.mpifr-bonn.mpg.de.

Table 2. rms line to continuum ratios in units of 103×[rms/Tc] (Col. 4)
and corresponding channel spacings (Col. 5).

Molecule Line ν rms Channel
width

(GHz) (10−3) (km s−1)
C3N N = 1−0, J = 3/2−1/2 5.868 3.0 2.29
NH3 (J,K) = (2, 1) 13.711 2.1 1.71

CH3OH JK = 92−101 A+ 13.724 1.8 1.71
SiC2 JKaKc = 101−000 14.009 2.0 1.65
NH3 (J,K) = (1, 1) 14.065 1.0 1.65
NH3 (J,K) = (2, 2) 14.082 1.1 1.65
NH3 (J,K) = (3, 3) 14.169 0.7 3.30

HC5N J = 9−8 14.225 1.3 3.30
NH3 (J,K) = (4, 4) 14.329 1.4 1.65
OCS J = 2−1 14.440 1.9 1.65
SO JK = 10−01 17.809 2.6 1.32

HC3N J = 4−3 21.602 8.2 1.08
SiO J = 1−0, v = 0 25.776 20.2 0.91

DCN J = 1−0 42.985 16.7 2.18
H2CO JKaKc = 101−000 43.236 222.7 2.17

Spergel et al. 2003). In an attempt to constrain the physical
properties of this cloud at a luminosity distance of ∼3 Gpc, we
have searched for NH3 and other molecular species.

2. Observations

All observations were made with the 100-m telescope at
Effelsberg/Germany. In August 2001 and June 2002 we
searched, employing a single channel λ ∼ 1.9 cm HEMT re-
ceiver, for ammonia (NH3), sulfur monoxide (SO), methanol
(CH3OH), the SiC2 radical, cyanodiacetylene (HC5N) and car-
bonylsulfide (OCS). The measurements were carried out in a
position switching mode. In December 2001 we used a dual
channel 1.3 cm HEMT receiver to search for cyanoacetylene
(HC3N) and silicon monoxide (SiO) in its ground vibrational
state (see Tables 1 and 2). These measurements were made
in a dual beam switching mode with a beam throw of 2′ and
a switching frequency of ∼1 Hz. In January 2002, we also
employed a single-channel 7 mm HEMT receiver to search
for formaldehyde (H2CO) and deuterated hydrogen cyanide
(DCN). These observations were made in a position switching
mode. Most recently, in June 2003, a two channel 5 cm HEMT
receiver was used to search for the N = 1−0 J = 3/2−1/2
transition of the C3N radical.

Fig. 1. NH3 lines with a velocity scale relative to z = 0.68466, ob-
served towards B0218+357. Channel widths are 3.3 km s−1. The or-
dinate is in units of the radio continuum flux. In the case of the (1, 1)
line a two component fit has been added accounting for NH3 hyperfine
splitting (Kukolich 1967). The fit demonstrates that the line profile is
consistent with two optically thin velocity features. Limited signal-to-
noise ratios do not constrain the fit sufficiently to justify an inclusion
of its parameters in Table 3.

Frequencies, beamwidths, system temperatures and aper-
ture efficiencies are given in Table 1. For all measurements we
employed an “AK 90” autocorrelator with eight spectrometers,
using bandwidths of 40 MHz and 512 channels (20 MHz and
1024 channels and 80 MHz and 256 channels at 5 cm and 7 mm,
respectively). Calibration was obtained from measurements of
NGC 7027 (Ott et al. 1994). Pointing corrections could be ob-
tained toward B0218+357 itself and were accurate to better
than 10′′.

3. Results

Figure 1 shows the measured NH3 profiles. The detected in-
version lines, with the ordinate displaying absorption in units
of 1% of the continuum flux, are characterized by a prominent
narrow component with a width of a few km s−1, centered at
slightly positive velocities, and a wider and weaker component
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Îãðàíè÷åíèå íà âàðèàöèþ µ íà îñíîâàíèè ÑÂ× ñïåêòðà
ãàëàêòèêè B0218+357

Ñðàâíèâàÿ âèäèìîå êðàñíîå ñìåùåíèå äëÿ NH3 ñî ñðåäíèì
êðàñíûì ñìåùåíèåì ÑÂ× ëèíèé äðóãèõ ìîëåêóë (0.68466(1)),
îïðåäåëÿåì ñäâèã:

∆zunweightedav = (0.2± 0.9)× 10−5 ,

∆zweightedav = (0.6± 0.9)× 10−5 .

Ýòî äàåò ñëåäóþùåå îãðàíè÷åíèå íà âàðèàöèþ µ:

δµ/µ = −(0.6± 1.9)× 10−6.
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Íîâûå äàííûå äëÿ B0218+357

Â íåäàâíåé ðàáîòå [M T Murphy, V V Flambaum, S Muller, and C
Henkel, Science, 320, 1611 (2008)] ïðîâåäåí íîâûé àíàëèç ÑÂ×
ñïåêòðîâ îò îáúåêòà B0218+357. Èñïîëüçîâàíû òå æå òðè
ëèíèè àììèàêà, íî íîâûå íàáëþäåíèÿ âðàùàòåëüíûõ ëèíèé
ìîëåêóë HCO+ è HCN. Ýòî ïîçâîëèëî íåñêîëüêî óòî÷íèòü
îãðàíè÷åíèå íà âàðèàöèþ µ:

δµ/µ = −(0.74± 0.47)× 10−6.
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Ãðàâèòàöèîííàÿ ëèíçà PKS 1830-211 (z = 0.89)

Â ðàáîòå [C Henkel et al. A&A, 500, 725 (2009)] èññëåäîâàíû 10
îïòè÷åñêè òîíêèõ èíâåðñèîííûõ ëèíèé NH3 è ïÿòü
âðàùàòåëüíûõ ëèíèé HC3N îò ìîëåêóëÿðíîãî îáëàêà PKS
1830-211 äëÿ z = 0.89. Ïîëó÷åíî îãðàíè÷åíèå íà âàðèàöèþ µ
íà óðîâíå 3σ:

|δµ/µ| < 1.4× 10−6.
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Ìîëåêóëÿðíûå îáëàêà â Ãàëàêòèêå

Ýìèññèîííûå ëèíèè àììèàêà ÷àñòî íàáëþäàþòñÿ â õîëîäíûõ
ìîëåêóëÿðíûõ îáëàêàõ â Ãàëàêòèêå. Òèïè÷íàÿ øèðèíà òàêèõ
ëèíèé íà äâà ïîðÿäêà óæå, ÷åì äëÿ âíåãàëàêòè÷åñêèõ ëèíèé
ïîãëîùåíèÿ. Ýòî ïîçâîëÿåò èññëåäîâàòü ïðîñòðàíñòâåííóþ
âàðèàöèþ µ íà óðîâíå < 10−8.

Îá ýòîì äîêëàä Ñ À Ëåâøàêîâà.
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NH2D â àñòðîôèçèêå

Íåñêîëüêî íèæíèõ èíâåðñèîííî-âðàùàòåëüíûõ ëèíèé
ìîëåêóëû NH2D íåîäíîêðàòíî íàáëþäàëèñü â
ìîëåêóëÿðíûõ îáëàêàõ â Ãàëàêòèêå.

Òàêèå ëèíèè èìåþò ñóùåñòâåííî ðàçíûå êîýôôèöèåíòû
÷óâñòâèòåëüíîñòü îò Qµ = 0.1 äî Qµ = 1.6.

Èñïîëüçîâàíèå íåñêîëüêèõ ëèíèé îäíîé è òîé æå ìîëåêóëû
ïîçâîëÿåò ïîäàâèòü ñèñòåìàòè÷åñêèå îøèáêè, ñâÿçàííûå ñ
ðàçíûì ïðîñòðàíñòâåííûì (è ñêîðîñòíûì) ðàñïðåäåëåíèåì
ðàçíûõ ìîëåêóë.
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Ñïåêòð NH2D
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Ðîëü ñâÿçè ñïèíà ñ îñüþ â Λ-ïåðåõîäàõ

Â ìîëåêóëàõ OH è CH ýëåêòðîííûé ñïèí S ñëàáî ñâÿçàí î îñüþ
ìîëåêóëû. Ñ ðîñòîì êâàíòîâîãî ÷èñëà J, ñïèí S îòâÿçûâàåòñÿ
îò îñè. Â ðåçóëüòàòå ïðîèñõîäèò ïåðåõîä îò Ω-óäâîåíèÿ ïðè
ìàëûõ J ê Λ-óäâîåíèþ äëÿ áîëüøèõ J.

Äëÿ ýëåêòðîííîãî ñîñòîÿíèÿ Π1/2 ìîëåêóëû OH è ñîñòîÿíèÿ
Π3/2 ìîëåêóëû CH ñìåíà ñõåìû ñâÿçè ïðèâîäèò ê ïåðåñå÷åíèþ
óðîâíåé è áîëüøîìó óâåëè÷åíèþ êîýôôèöèåíòîâ
÷óâñòâèòåëüíîñòè Qα è Qµ. Äëÿ äâóõ äðóãèõ óðîâíåé òîíêîé
ñòðóêòóðû ÷àñòîòû ïåðåõîäîâ è êîýôôèöèåíòû
÷óâñòâèòåëüíîñòè ïëàâíî çàâèñÿò îò êâàíòîâîãî ÷èñëà J.
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×àñòîòû Λ-ïåðåõîäîâ â OH
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×óâñòâèòåëüíîñòè Λ-ïåðåõîäîâ â OH
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Êðàòêèå âûâîäû

Ïîèñêè âàðèàöèè α è µ = me/mp ïîçâîëÿþò ïðîâåðÿòü
òåîðèè âåëèêîãî îáúåäèíåíèÿ.

Íàèáîëåå æåñòêîå ñîâðåìåííîå îãðàíè÷åíèå íà âàðèàöèþ
µ íà êîñìîëîãè÷åñêèõ âðåìåíàõ ñëåäóåò èç íàáëþäåíèé
àììèàêà.

Íàáëþäåíèÿ àììèàêà â Ãàëàêòèêå ïîçâîëÿåò èññëåäîâàòü
çàâèñèìîñòü ïàðàìåòðà µ îò ëîêàëüíîé ïëîòíîñòè
âåùåñòâà.

Íàáëþäåíèÿ ÷àñòè÷íî äåéòåðèðîâàííîãî àììèàêà
ïîçâîëèò óñòðàíèòü âîçìîæíûå ñèñòåìàòè÷åñêèå îøèáêè,
ñâÿçàííûå ñ ðàçëè÷èåì ïðîñòðàíñòâåííûõ ðàñïðåäåëåíèé
ðàçíûõ ìîëåêóë.
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Êðàòêèå âûâîäû

Íàáëþäåíèÿ Λ-ïåðåõîäîâ â ìîëåêóëàõ CH è OH ïîçâîëÿåò
èçó÷àòü ïðîñòðàíñòâåííî-âðåìåííûå âàðèàöèè êàê
ïîñòîÿííîé òîíêîé ñòðóêòóðû α, òàê è îòíîøåíèÿ ìàññ µ.
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