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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

Ïðåäïîëîæèì, ÷òî ôóíäàìåíòàëüíûå ïîñòîÿííûå ìîãóò
ìåíÿòüñÿ. Òîãäà äëÿ ÷àñòîòû ïðîèçâîëüíîãî àòîìíîãî èëè
ìîëåêóëÿðíîãî ïåðåõîäà ìîæíî íàïèñàòü:

ω = ω0
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1 + Kα

δα
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δµ
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δgn

gn

]
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δω
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δF
F
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n .

Äëÿ òîãî ÷òîáû îáíàðóæèòü ýòî èçìåíåíèå íàäî ñðàâíèòü ïî
êðàéíåé ìåðå äâå ÷àñòîòû:

ωi

ωk
=

(
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ωk

)
0
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Φ

]
, Φ = α∆Kαµ∆Kµg∆Kg

n .

Âèäíî, ÷òî ýôôåêò ïðîïîðöèîíàëåí ðàçíîñòè áåçðàçìåðíûõ
êîýôôèöèåíòîâ ÷óâñòâèòåëüíîñòè ∆K .
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Çàâèñèìîñòü ñïåêòðîâ àòîìîâ è ìîëåêóë îò
ôóíäàìåíòàëüíûõ êîíñòàíò

Òîíêàÿ ñòðóêòóðà ∼ α2 ⇒ Kα ≈ 2.
Ìàãíèòíàÿ ñâåðõ òîíêàÿ ñòðóêòóðà ∼ α2+xgnµ.

Êîëåáàòåëüíàÿ ñòðóêòóðà ∼ µ1/2.

Âðàùàòåëüíàÿ ñòðóêòóðà ∼ µ.
Èíâåðñèîííàÿ ëèíèÿ NH3 (1.2 ñì) ∼ µ4.46.

Ëèíèÿ Λ-äóáëåòà OH (18 ñì) ∼ α−2µ3.
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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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äðóã äðóãà: â ïåðâûõ èçìåðÿåòñÿ ẋ/x , âî âòîðûõ � ∆x/x .
• Â ëàáîðàòîðíûõ ýêñïåðèìåíòàõ ëó÷øå èçó÷åíû âîçìîæíûå
ñèñòåìàòè÷åñêèå îøèáêè.

Ìèõàèë Ã. Êîçëîâ Ïîèñê âàðèàöèè ôóíäàìåíòàëüíûõ êîíñòàíò



Ôóíäàìåíòàëüíûå êîíñòàíòû â àòîìíîé ôèçèêå
Ìîëåêóëÿðíûå ýêñïåðèìåíòû

Çàêëþ÷åíèå

Áåçðàçìåðíûå êîíñòàíòû
Ýêñïåðèìåíòû ñ àòîìíûìè ÷àñàìè

Ñðàâíåíèå ëàáîðàòîðíûõ è àñòðîôèçè÷åñêèõ
íàáëþäåíèé

• Õàðàêòåðíîå âðåìÿ ëàáîðàòîðíîãî ýêñïåðèìåíòà ïîðÿäêà
îäíîãî ãîäà, òîãäà êàê â àñòðîôèçèêå � ïîðÿäêà 1010 ëåò.
• Òî÷íîñòü ëàáîðàòîðíûõ èçìåðåíèé â 109 � 1010 ðàç âûøå.
• Ëàáîðàòîðíûå è àñòðîôèçè÷åñêèå íàáëþäåíèÿ äîïîëíÿþò
äðóã äðóãà: â ïåðâûõ èçìåðÿåòñÿ ẋ/x , âî âòîðûõ � ∆x/x .
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Ýêñïåðèìåíò íà SF6 [A Shelkovnikov et al (2008)].

Äâóõôîòîííûé êîëåáàòåëüíûé ïåðåõîä â ìîëåêóëå SF6
èçìåðÿëñÿ â ñâåðõçâóêîâîì ïó÷êå â ýêñïåðèìåíòå
ðàìçååâñêîãî òèïà. ×àñòîòà ïåðåõîäà ñðàâíèâàëàñü ñ
öåçèåâûì ñòàíäàðòîì. Â ðåçóëüòàòå ïîëó÷åíî îãðàíè÷åíèå
íà êîìáèíàöèþ F = gnµ

−1/2α2.83:

Ḟ/F = (1.4± 3.2)× 10−14 yr−1.

Îáúåäèíÿÿ ýòî îãðàíè÷åíèå ñ ïîëó÷åííûìè íà àòîìíûõ
÷àñàõ ìîæíî ïîëó÷èòü ìîäåëüíî íåçàâèñèìîå îãðàíè÷åíèå
íà âàðèàöèþ µ:

µ̇/µ = (3.4± 6.5)× 10−14 yr−1.
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Ýêñïåðèìåíò íà Cs2 [David DeMille]

Óëüòðà õîëîäíûå ìîëåêóëû Cs2 ìîãóò áûòü ïîëó÷åíû â
ðåçóëüòàòå ôîòîàññîöèàöèè â àòîìíûõ ëîâóøêàõ. Ó Cs2
èìååòñÿ î÷åíü óçêèé çàïðåùåííûé ïåðåõîä 3Σ+

u → 1Σ−g .

Ýëåêòðîííàÿ ýíåð-
ãèÿ ýòîãî ïåðåõî-
äà áëèçêà ê n ∼
102 êîëåáàòåëüíûì
êâàíòàì:

ω = ωel − nωvib ≈ 0.

×àñòîòà ω î÷åíü
÷óâñòâèòåëüíà ê âà-
ðèàöèè µ: δω =
nδωvib.
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Ñëó÷àéíûå âûðîæäåíèÿ â ìîëåêóëÿðíûõ ñïåêòðàõ.

Electronic ground
state

Fine
structure

Vibration Rotation
Hyperfine
structure

Quasi-degenerate levels
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Äâóõàòîìíûå ìîëåêóëû ñ îñíîâíûì ñîñòîÿíèåì 2ΠΩ

Òîíêîå ðàñùåïëåíèå ìåæäó óðîâíÿìè 2Π1/2 è
2Π3/2 çàâèñèò

îò α:
ωf ∼ α2Z 2 Hartree,

à êîëåáàòåëüíàÿ ýíåðãèÿ çàâèñèò îò Mr mp:

ωv ∼ (µ/Mr )1/2 Hartree.

Ïîäáèðàÿ ïàðàìåòðû Z è Mr ìîæíî äîáèòüñÿ âûðîæäåíèÿ:
ω = ωf − nωv ≈ 0, n = 1,2, . . .
Çàâèñèìîñòü ÷àñòîòû ω îò ôóíäàìåíòàëüíûõ êîíñòàíò
äàåòñÿ âûðàæåíèåì:

δω
ω ≈ K

(
2 δαα −

1
2
δµ
µ

)
, K ≡ ωf

ω � 1.
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Ïðèìåðû ìîëåêóë ñ êâàçèâûðîæäåíèåì ÷àñòîò ωf è ωv

Ìîëåêóëà ωf ωv
Cl+2 645 645.6
CuS 433.4 415
SiBr 423.1 424.3

×óâñòâèòåëüíîñòü ê âàðèà-
öèè ôóíäàìåíòàëüíûõ êîí-
ñòàíò:

δω = 2ωf

(
δα

α
− 1

4
δµ

µ

)
Ïîëàãàÿ δα/α ∼ 10−16 è ωf ∼ 500 cm−1, ìû ïîëó÷àåì
δω ∼ 3× 10−3 Ãö.
Åñòåñòâåííàÿ øèðèíà ïðèâåäåííûõ ïåðåõîäîâ Γ ∼ 10−2 Ãö.
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Ìîëåêóëÿðíûé èîí HfF+

Èîí HfF+ ðàññìàòðèâàåòñÿ ãðóïïîé Êîðíåëëà (JILA) äëÿ
ýêñïåðèìåíòà ïî ïîèñêó ýëåêòðè÷åñêîãî äèïîëüíîãî ìîìåíòà
(ÝÄÌ) ýëåêòðîíà.

Â ïðèíöèïå ÝÄÌ ýêñïåðèìåíò è ýêñïåðèìåíò ïî ïîèñêó
âàðèàöèè êîíñòàíò ïîõîæè, ïîñêîëüêó îáà òðåáóþò
ïðåöèçèîííûõ èçìåðåíèé ÷àñòîòû.
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Ìîëåêóëÿðíûé èîí HfF+

Íåäàâíî Ïåòðîâ è äð (2007) ïîêàçàëè, ÷òî îñíîâíîå
ñîñòîÿíèå ýòîãî èîíà 1Σ+ è ïåðâîå âîçáóæäåííîå ñîñòîÿíèå
3∆1 îòñòîÿò âñåãî íà 1633 cm

−1. ⇒ óðîâíè (1Σ+, v = 3) è
(3∆1, v = 1) î÷åíü áëèçêè.

Ãðóáàÿ îöåíêà äëÿ ïåðåõîäà (1Σ+, v = 3)→ (3∆1, v = 1)
äàåò:

δω ≈ 20000 cm−1(δα/α− 0.04δµ/µ) ,

ãäå ìû èñïîëüçîâàëè àòîìíîå çíà÷åíèå ïàðàìåòðà q äëÿ
6s → 5d ïåðåõîäà.Ýòîò ðåçóëüòàò ïîäòâåðæäàåòñÿ
ìîëåêóëÿðíûì ðàñ÷åòîì Òèòîâà è äð (2008).
Ïîëàãàÿ δα/α ∼ 10−16, ïîëó÷àåì δω ∼ 0.06 Ãö.
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Èíâåðñèîííàÿ ìîäà ìîëåêóëû NH3
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Àíàëèòè÷åñêîå ðåøåíèå [Ëàíäàó & Ëèôøèö]

Êâàçèêëàññè÷åñêîå ïðèáëèæåíèå äëÿ ÷àñòîòû
òóííåëèðîâàíèÿ äàåò:

ωinv =
ωv

π
exp (−S)

=
ωv

π
exp

(
−1

~

∫ a

−a

√
2M1(U(x)− E)dx

)
,

δωinv

ωinv
≈ δµ

2µ

(
1 + S +

S
2

ωv

Umax − E

)
= 4.4

δµ

µ
.

Äëÿ ND3 àíàëîãè÷íûé ðåçóëüòàò áûë ïîëó÷åí â ðàáîòå
van Veldhoven et al. [Eur. Phys. J. D,31, 337 (2005)].
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Àììèàê â àñòðîôèçèêå

Íàèáîëåå äàëåêèé îáúåêò, ãäå íà-
áëþäàëèñü ëèíèè NH3, ýòî ãàëàê-
òèêà B0218+357 èìåþùàÿ êðàñíîå
ñìåùåíèå z ≈ 0.68466. Ýòî ñîîò-
âåòñòâóåò ïðèìåðíî 6× 109 ëåò.

Ðèñ. Èíâåðñèîííûå ëèíèè àì-
ìèàêà ωinv(J,K ) [Henkel et al.
Astronomy and Astrophysics, 440,
893 (2005)].

894 C. Henkel et al.: Molecular absorption lines in B0218+357

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:

∆zunweighted
av = (0.2± 0.9)× 10−5 ,

∆zweighted
av = (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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Ñðàâíåíèå òîíêîé ñòðóêòóðû C+ è âðàùàòåëüíûõ
ïåðåõîäîâ â CO

Òîíêàÿ ñòðóêòóðà C+ ÷óâñòâèòåëüíà ê âàðèàöèè α ñ
êîýôôèöèåíòîì K = 2, à âðàùàòåëüíûå ïåðåõîäû CO
÷óâñòâèòåëüíû ê âàðèàöèè µ ñ K = 1.
Ñðàâíèâàÿ âèäèìûå êðàñíûå ñìåùåíèÿ ýòèõ ëèíèé ïîëó÷àåì
îãðàíè÷åíèå íà âàðèàöèþ ïàðàìåòðà F = α2/µ.
Ëèíèÿ òîíêîé ñòðóêòóðû C+ è (6− 5) ïåðåõîä â CO
íàáëþäàëèñü (Maiolino et al. (2005) è Bertoldi et al. (2003))
äëÿ êâàçàðà ñ z = 6.42 (âðåìÿ ∼ 14 Gyr):

C+ : zfs = 6.4189± 0.0006 ,
CO (6− 5) : zrot = 6.4189± 0.0006 .

Ýòî äàåò: ∣∣∣∣∆F
F

∣∣∣∣ ≤ 1.1× 10−4 .
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Âûâîäû
Ñîàâòîðû è ïóáëèêàöèè

Êðàòêèå âûâîäû

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

Ëàáîðàòîðíûå ýêñïåðèìåíòû ñ ìîëåêóëàìè ïîêà
óñòóïàþò àòîìíûì ýêñïåðèìåíòàì ïî òî÷íîñòè. Òåì íå
ìåíåå îíè óæå äàþò íàèáîëåå æåñòêîå ìîäåëüíî
íåçàâèñèìîå îãðàíè÷åíèå íà µ̇. Íîâûå ýêñïåðèìåíòû ñ
óëüòðàõîëîäíûìè ìîëåêóëàìè ìîãóò ñóùåñòâåííî
óòî÷íèòü ñóùåñòâóþùèå îãðàíè÷åíèÿ.

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

Ñðàâíåíèå òîíêîé ñòðóêòóðû C II ñ âðàùàòåëüíûìè
ëèíèÿìè CO ïîçâîëÿåò ïîëó÷èòü îãðàíè÷åíèå íà
âàðèàöèþ α2/µ ïðè z = 6.42.
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