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ABSTRACT

Aims. The small-scale nature of spacetime can be tested with \@ig®rs of distant quasars. We comment on a recent paper by
Tamburini et al. (A&A, 533, 71) which claims that Hubble SpatelescopeHST) observations of the most distant quasars place
severe constraints on models of foamy spacetime.

Methods. If space is foamy on the Planck scale, photons emitted frataui objects will accumulate uncertainties in distanag an
propagation directions thusfacting the expected angular size of a compact object as sidaraf redshift. We discuss the geometry
of foamy spacetime, and the appropriate distance measureafoulating the expected angular broadening. We alsoeaddihe
mechanics of carrying out such a test. We draw upon our pushigublished work on this subject, which carried out samiests as
Tamburini et al. and also went considerably beyond theikvmseveral respects.

Results. When calculating the path taken by photons as they travel &alistant source to Earth, one must use the comoving destanc
rather than the luminosity distance. This then also becaheeappropriate distance to use when calculating the anrdadening
expected in a distant source. The use of the wrong distanesure causes Tamburini et al. to overstate the constrhatsan be
placed on models of spacetime foam. In addition, we congideimpact of diferent ways of parametrizing and measuring tfiects

of spacetime foam. Given the variation of the shape of thatggpread function (PSF) on the chip, as well as observatautific
factors, it is important to select carefully — and documettie-comparison stars used as well as the methods used to Eothpu
Strehl ratio.
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1. Introduction spacetime foam models given a non-detection, as we then dis-
cuss in§3. In §4 we discuss practicalities of carrying out these

Even at the minute scales of distance and duration examirtegts. These include the need to characterize the poiaagpr

with increasingly discriminating instruments, spacetstig#ap- function (PSF) of a given telescope in terms that can be com-

pears to be smooth and structureless. However, a varietpdf mpared to the profile observed in a distant, unresolved spsuich

els of quantum gravity posit that spacetime is, on Planclesca as a quasar or supernova. Finally§we close with a summary.

subject to quantum fluctuations. Hence, if probed at a small

enough scale, spacetime will appear complicated — songethin

akin in complexity to a turbulent froth that Wheeler (19635h 2. The Nature of Quantum Fluctuations and the

dubbed “quantum foam,” also known as “spacetime foam.” The p,adicted Seeing Disk

detection of spacetime foam is important for constrainirggm

els of quantum gravity. If a foamy structure is found, it wibul To quantify the problem, let us recall that, if spacetimeemd

require at least a probabilistic rather than determinisizire of goes quantum fluctuations, the intrinsic distance to anoblaji

spacetime itself, as the paths taken bjedent photons emitted vary, thus producing an intrinsic limitation to the accyragth

by a distant source would not be identical to one another. which one can measure a macroscopic distance. If we derete th

In this commentary paper, we discuss the use of Jluctuation of a distancé by ¢l, we expectl > NItle, (see
tronomical observations of distant sources to test mddlg (2003)), whereN is a numerical factor 1 andlp = /AG/c3
els of quantum gravity. We concentrate particularly ois the Planck length, the characteristic length scale imtua
a recent paper by Tamburinietal. (2011), published iravity. The length in this expressioéi, must be defined with
Astronomy & Astrophysics in September 2011. Some of theference to the macroscopic distari¢eather than locally). The
points discussed below were discussed in our own pag@Erameter < 1 specifies the dierent spacetime foam models.
Christiansen et al. (2011), which was published nine months Distance fluctuationgél imply phase fluctuationgA¢ =
earlier. The present paper is organized as follow§2mve dis- +2r6l/1 (see [ Lieu & Hillman (2003), Ragazzoni et al. (2003),
cuss the nature of quantum fluctuations and the proper distaiNg et al. (2003)). One practical method of searching for éhes
measure to use. This has importantimplications for theipred fluctuations is to look for “halos” in images of distant, unre
size of the seeing disk, and hence the constraints one campusolved sources, which can be produced by fluctuations in the
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direction of the local wave-vectogdy = +A¢/(2r) = +6l/A.

The point is that due to quantum foam-induced fluctuations inl00.0000 R ]
the phase velocity of an incoming light wave from a distaribpo S Gzo*@
source, the wave front itself develops a small scale “clduthe N N \

certainty” equivalent to a “foamy” structure, because pait 10.0000 - \\‘ e \\ E
the wave-front lag while other parts advance. This resolte FoD . \ 1
wave vector, upon detection, acquiring a jitter in directiwith $ L \ L .
an angular spread of the orderdf. In effect, spacetime foang  1.0000 - " JWST\"*“ -
creates a “seeing disk” whose angular diameter is ‘8’ c v i
5 N | \1-a |p @ 1 2 | |
v = (/l) (A) ()E 0.1000
= F i

We note that the magnitude aofy as given in the abov@
equation is consistent with our assumption of isotropic-fllic  0.0100
tuations which implies comparable sizes of the Wave-veégor
fluctuations perpendicular to and along the line of sighe (8
Christiansen et al. (2006)). For a telescope or interfeteme ;0
with baseline lengtiD, this means that the dispersion §i,

~

T T
el

e

normal to the wave front) will be recorded as a spread in the an \ N, VLBA
gular size of a distant point source, causing a reductioment ¢ 391 ‘ \‘\ % ‘

Strehl ratio, angr the fringe visibility whensys ~ 1/Die for a 10 10 10 102 10°
diffraction limited telescope. Wavelength(m)

The fundamental uncertainties caused by spacetime foam are

spatial, not angular, even though they result in a "seeislg"di Fig.1. The detectability of various models of foamy space-
Strictly speaking, the models specify the uncertaifl in dis- - ime for existing and planned telescopes. We show the diago-

tance between a source and observer along the line of sigist. T4/ tracks for halo sizéy for an unresolvedz = 6.3 source,

is becausél is defined by the uncertainty in the distance Me3sing the comoving distance [eq. (5), dashed lines], naive a
sured by light travel times. Of course, there is also a cpuBE- jication of the luminosity distance [i.e., not redoing tinée-

ing uncertainty in the transit ti_me for light from source tb-0 44 I(z @) as per equation (9), in dotted lines], and correct ap-
serverjt ~ 4l/c. Furthermore, since the globally averaged wavesjication of the luminosity distance (dash-dot lines).ckmare
front is dfectively spherical, globally averaged photon trajectesown fora = 0.6 2/3, andN = 1.8. See§§2,3 for discussion.
ries will deviate from the direct line of sight by an angledéisan ¢ appears to us that Tamburini et al. (2011) used the phase un

or equal thI/I. As a direct consequence, the expected b'””"&rtaintyAq& — 26y as a measure of halo size, which would
of distant images isot the result of a random walk of small aN-gyaggerate the expected halo size by nearly an order of mag-

gle photon scatterings along the line of sight, since thetad- iy, de This displacement would make it appear that quantum
ties in the derived directions of the local wave vectors messtlt foam may be easily tested by HST imaging, which it is not.

in the same spatial uncertaing}, (ho matter how many wave

crests pass the observer’s location). For example, in thia "t

screen approximation”, the accumulated transverse pattubf

tiply scattered photons would be approximated&gl(>> 4.

This would lead to expected time lags(l/c) >> él/c, in con- In terms of the comoving distance, for the various models of

flict with the basic premises for spacetime foam models. spacetime foam (parametrized by, the equivalent halo size is
The above background, given in greater detail in our recegiven by

papet Christiansen et al. (20111), illustrates why, whensuea

ing the lengthl for sources at cosmological distances, the ap- N(1- a)IgDa“’l(z, a)

propriate distance measure to use is the line-of-sight eargo oY = 1 ’ ()

distance (se¢ Hogg (2000)) given by °

3. Predicting the Halo Size

De(@ = Dule(@ @ "
c(2) = DHIE(Z ,
dZ(1+2), ..
where ea)= [ @) ©)
v4
le(2) = f d_Z (3) where the factor (& Z) in the integral corrects the observed
o E(2) wavelengthl,, back to the wavelength(z) at redshiftz. That
. is, AZ) = Ao/(1 + Z).

We have used these results to produce Figure 1. The diagonal

E@ = VOu(L+ 23+ Q1+ 22+ Qa, (4) linesin Figure 1 show predictions for the size of the seeisf d

for different models of spacetime foam, for a source at redshift
with Dy = c¢/Hg being the Hubble distancey,Qx and z = 6.3, which represents the highest redshift quasar examined
Q, being the (fractional) density parameter associated witty[Tamburini et al. (2011). We note th#t in Figure 1 is a factor
matter, curvature and the cosmological constant resmdgtiv of 27 smaller than the phaség, which was used incorrectly
Consistent with the latest WMAR CMB data, we will use by|[Tamburini et al. (2011) to calculate expected halo siz¢hé
Qu = 0.25Q, = 0.75 andQy = 0, and for the Hubble dis- case of a hon-detection of angular broadening, the regioneab
tance we will useDy = 1.3 x 10° meters. the diagonal line for a givem may be excluded.
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The discussion above illustrates the importance of a correchereSy < 1 represents a degradation of the observed Strehl
understanding of the seeing disk caused by spacetime foam aatio due to maskingféects,o represents uncorrelated wave-
spatial, rather than angulaffect, thus requiring the use of thefront errors induced by the instrumentation (i.e., tel@scplus
comoving distance. Figure 1 also shows how the prediction (finstruments) and-, represents uncorrelated wavefront “errors”
&Y not Ag) changes if one were to incorrectly model the seeirigduced by spacetime foam. Both of these dispersions are ex-
disk as being the result of angular fluctuations, and heneéhes pressed in units of the telescope’sfdiction limit, 1/Digy. A

luminosity distance, similar treatment is taken [n Tamburini et al. (2011), alevith
a superficially similar procedure, although it should beedahat
DL(@ = (1+2)Dc(2) = (1+2)Dnle(2), (7)  they do not publish a list of the comparison stars used to com-

rather than the comoving distance. This is the assumptiajem%ftegggz }Q’%ﬂﬂf i(oplrlgglr)(l)(ljrljgg {Lsetli?rr]SSeSItit al. (201.1)). This

by 'I;;lmbu.rml etal. (2011) as well ps Steinbring (2007). If we follow this prescription, we can then define the space-
s anillustration of the cosmologicaffects we use equatlontime foam degraded StreBl, asS, = exp(c2), wherec is

(7) to calculate the equivalent halo size that one wouldiptéd divided b 9 Dy P Sé” d h‘” = expt ‘de’_ Ty d

oneincorrectly used the luminosity distance. To do this we ma Vi ed' ya/ telﬁ rovk; N ]E & comoving distance Is used,

use of the last part of equation (7) as dyin which case as argued ig2, we then obtain foe,

N(1- a)l‘F”,Dﬁ_"l (z @)Dy

dz (1 + Z')DHdZ' . (8) oy = 2 (11)
0

+
E(z) E(2)
The result is that in calculatingy one cannot simply use the This approximation, of course, breaks down when~ 1, i.e.,

luminosity distance in equation (5), and multiply it by {17). When t'he wave frontangular dispersion is comparable taeflee t
Instead one must replat&, @) in equation (6) with the follow- SCope’s angular resolution. A fully parametrized versibthe

v4
d’ = dD,(Z) = dZDy f
0

ing: resultant Strehl ratio then is
z 2 2120 y2(1-a) 2 2
3 1+2) - B =N“(1 - )15 Dy 19(z @)Dy
|2(Z,a)—£ dZ(1+72)| =0 +1e@)|[1+2)e@)| . @) Sy =exp g (12)

Unfortunately, | Tamburini et al. (2011) do precisely this However, just as with the expected halo size, the use of the
(their equations (2) and (3)). We can use the above formaligiiminosity distance drasticallyfizcts this expression. We can-
to estimate how thisféects their quoted constraints. In Figureyot simply replaceDc in equation (12) byD,, as was done in
1 we have overplotted tracks for the application of lumitosiTamburini et al. (2011). Instead(z ) must also be replaced
distance, both in the case of redoilg @) and not redoing the with 1,(z o) (equation (9)). This causes an overestimate in the
integral. As can be seen, in Figure 1 the use of the incorreghgnitude of the exponential argument, thus causing a <orre
distance measure causes a rather large miscalculatioe ekth sponding reduction in the Strehl ratio which is consisteithw
pected halo size that leads to an exaggeration in size bytar faghe discussion following equation (9).
of about 20 at a given wavelength. Furthermore, becauseathe p  |n Figure 2, we show the result of this error. As can be seen,
allel set of diagonal lines in Figure 1 represents trajéesofor even in the case of a sourcezat 6.3 — the highest redshift
oy versusi that are specified by, this reduction in halo size source considered by Tamburini et al. (2011) — tiieas of
leads to a reduction in the limiting value efthat can be deter- spacetime foam simply are not detectabl&i8T observations.
mined from observations. Tamburini et al. (2011) claim that  From Figure 2, as was pointed oufin Chrisfiansen et al. (2011
rent data exclude models with < 0.68 (ao ~ 1, including the it js not surprising that féects of spacetime foam are likely not
holographic model which has = 2/3) (the “red zone” in their to be detectable in HST images cross-referenced with high re
Figure 5). However, by using the correct co-moving distan@  shift SDSS quasars, because the only Hubble images from the
find that their limit for excluding quantum foam models stibulsSpsS sample are in the near IR band. At a wavelength of 8000
be reduced bya = 0.021, much more consistent with the limita typical of the observations used [in Tamburini et al. (P11
of @ ~ 0.65 previously established by Christiansen et al. (2014hich used the ACS- F775W and F850LP filters, the expected
Strehl ratio isS, > 0.98 for both the comoving distance as well
as a naive application of the luminosity distance — i.et jiss
ing eq. (7) and not including the modified integtal(equation
In conventional imaging the best way to characterize the isal (9)). Even if both of these factors are included, we still @tp
in terms of the observed Strehl ratio. This is defined as the raS, > 0.95, at most just a 5% reduction in the measured Strehl
of the observed peak intensity from a point source as cordpawgith respect to that of the instrument. By comparison, in our
to the theoretical maximum peak intensity of a perfect tadpse  paper [(Christiansen et al. (2011), Table Ill), we used caimpa
working at its difraction limit. As can be seen by reference teson stars for the HUDF quasars to measureitisirumental
Fig. 1, quasars are expected to be barely resolvedSh ob- Strehl ratios, finding values betwe&y = 0.27 (F435W) and
servations, and the Strehl ratio gives a concrete way totifyan0.64 (F850LP), with the low Strehl ratios in the blue being a
how unresolved they are. This comparison must be done witksult of the undersampling of the PSF by the ACS. While we
reference to known stars in one’s image, because the PSE ofake unable to comment exactly on the success of the method of
HST varies significantly with position on the focal plane (andamburini et al. (2011) because they did not specify whiahsst
hence each individual camera). The Strehl ratio is defin¢deas were used or provide adequate information on the mechahics o
ratio of the observed image peak to the pedkaction spike. In deriving the phase (in their formulation), we can say that we
Christiansen et al. (2011) we approximated this ratio as find highly unrealistic their claim to have achieved the maxi

mum possible constraint anfor this wavelength, based on our
Sobs = Sm exp[—(o-|2 + ai)] (10) extensive experience withST data. Indeed, as our work showed

4. Observing Practicalities: Strehl Ratio and PSF
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1.07 | factor 20 longer than the largest telescope currently inarse
i 1 under construction. Moreover, it would notfBer from some of
0.8 - the problems we have noted in thtST observations, namely
I 7 undersampling. As well, since interferometers are véigotive
06 1 spatial filters the #ect of the quasar’s host galaxy would also be
s i 1 minimized. We therefore believe that the best way to prolee th
v L 1 a~ 0.7 regime is with interferometers.
0.4 N We should point out that time lags from distant pulsed
r 1 sources have also been posited as a possible test of quantum
0.2 - foam models. But, as explained [in Christiansen et al. (2011)
r \ = 400mm ] the new Fermi Gamma-ray Space Telescope results
0.00 . . 7 (Abdo et al. (2009)) only exclude modelswith a < 0.3.
0 2 4 6 8 10
1o z 5. Summary
- We have reviewed the theoretical basis for expecting hales d
08 to spacetime foam, and also the correct distance measure. We
i have shown explicitly that, while we agree with the basiultes
06k of [Tamburini et al. (2011) that current observations WiHBT
s T show no evidence for quantum gravity, as shown in our pre-
n r viously published papé€r Christiansen et al. (2011), we o&nn
0.4 agree with the resulting constraint they placed on models of
- guantum gravity. Because their calculations overstatedsibe
o2l of quantum foam induced halos of distant quasars by a fac-
r i tor 20, their limit for @, is also overstated by a minimum of
00L oA e Aa = 0.021. Based on our experience wHIST data, we also
0 200 400 600 800 t_)elie_ve — but cannot verify (because of the Ia_ck of do_cumenta
\,/nm tion in[Tamburini et al. (2011)) — that even this resultingele

(e = 0.66) cannot be reached because of details specific to each
Fig. 2. Expected Strehl ratio as a function of redshift (top) andbservation, including the variation of the PSFHST with po-
wavelength (bottom). In both plots, we assume= 2/3 and sition on the chip, the undersampling of the PSF by everyunst
N = 1.8. In the top figure we examine the change in Strehhent onHST, as well as the host galaxy of the quasar.
ratio expected for a point source with varying redshiftfor
an observed wavelength of 400 nm. In the bottom plot, wehis work was supported in part by the US Department of
specifically show the case ofza= 6.3 quasar, as examined byEnergy under contract DE-FG02-06ER41418.
Tamburini et al. (2011), for an observed wavelength of 400 nm
As in Figure 1, the dashed line refers to the use of comovisg di
tance, dotted line refers to the naive use of luminosityatise, References
and dash-dot line refers to the treatment in equation (9). Abdo, A. A., et al., Nature, 462, 331
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observations of the UDF quasars (which extended to shor |eu?i?.,&Hi|Imar,1,aL. W.a§0(§)3l,jAstrophys. P
wavelengths, but were at typical redshifts- 4, translating to 4y 3’ 2003, Mod. Phys. Lett. A18, 1073
a comoving distance about 15% lower thar= 6.3), the cor- Ng, Y. J., Christiansen, W., & van Dam, H. 2003, Astrophys591, L87
rected Strehl ratioSy /S, that was achieved ranged from 1.04&agazzoni, R., Turatto, M., & Gaessler, W. 2003, Astroptlys587, L1
down to 0.40, depending on the band, with two of the four beir(%‘m?m?- FE é%%?é?;tgprg:ﬁ;\gﬁz KA14G”mOZZi ROPL AG A 533, 71
at Strehl ratios of- (.)'90.' The lower Str.ehl rafuos were no dou.b heeler, J A 1963, in i?elétivity, Groubs ahd Topolovgy,Bsds.' DeWi&&d.M.
caused by a combination of factors, including not only the im" pewitt (New York: Gordon and Breach), 315
perfections in the PSF of tHéST and distortions across the chip
and light path of individual images, but also factors irgiinto
the QSO such as the host galaxy. This is why in our paper, even
though theoretically the observations of the HUDF quasalto
probe toa ~ 0.66, in practice the constraint that could be set
was onlya = 0.65 (see Figure 5 in Christiansen et al. (2011)).
On the basis of our experience, we believe it is likely thdta s
ilar statement can be made for the observations examined by
Tamburini et al. (2011).

It is worth mentioning that with current telescopes a sec-
ond method of measuring possiblffexts of spacetime foam
is becoming available. This is through the use of interferom
etry, eg., by using the VLTI. As can be seen in Figure 1, the
VLTI would have a significant advantage in resolution ovey an
optical-IR telescope, simply because its longest basédine
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