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	INTRODUCTION



Prerequisite Knowledge

· Basic familiarity with the curvature of spacetime caused by the presence of mass
· Basic familiarity with how spacetime curvature affects the path traveled by light
· Basic familiarity with brightness vs. time graphs

Goals

· Understand how gravitational microlensing causes changes in the apparent brightness of distant light sources.
· Understand how the mass and alignment of the lensing object(s) affect the brightness vs. time curve of the light source.
· From a graph of brightness vs. time for a light source affected by gravitational microlensing, infer information about the objects causing the lensing effect.
· From a description of a star-exoplanet system causing a microlensing effect, produce qualitatively correct graphs of the light source’s brightness vs. time

Pre-activity Questions

1) Which graph below best represents the observed brightness of a distant background star over time as a nearby star moves between the distant star and Earth?Brightness
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2) A star-exoplanet system moves from left to right as seen from Earth.  The exoplanet is to the right of the star when the system crosses between Earth and a background object.  Which of the following statements best describes the brightness vs. time graph for the background object?

a. The bump caused by the planet will occur earlier than the peak caused by the star.
b. The bump caused by the planet will occur later than the peak caused by the star.
c. The bump caused by the planet will occur at the same time as the peak caused by the star.


	TUTORIAL GUIDE



Figure: Cases 1 to 3

These three cases provide a set of graphical representations for how light from a distant star (Star S) may be affected by matter in the region between Star S and Earth.  In each case, light from Star S is bent by a different amount as the result of spacetime curvature in the region.

1) [ 3 > 2 > 1 ]  

2) [ 3 > 2 > 1 ]  Light from Star S is bent more as a result of a greater warping of spacetime in the region between Star S and Earth by the lensing object. Case 3 shows the most light from Star S being bent, Case 2 shows less light from Star S being bent, and Case 1 shows no light from Star S being bent. This means that the lensing object in Case 3 warps spacetime the greatest, in Case 2 the lensing object warps spacetime less than Case 3, and in Case 1 there is no lensing object present, so the spacetime is not warped.

3) [ 3 > 2 > 1 ] Spacetime is more warped when more mass is present. More warping of spacetime in the region between Star S and Earth will cause light from Star S to be bent more. Case 3 shows the most light from Star S being bent, Case 2 shows less light from Star S being bent, and Case 1 shows no light from Star S being bent. This means that the lensing object in Case 3 is the most massive, in Case 2 the lensing object is less massive, and in Case 1 there is no lensing object present.

Figure: Cases 4 to 6

This set of three cases explicitly shows the curvature of spacetime between Star S and Earth.  Light from Star S is not shown.

4) [ Cases 4 & 2; Cases 5 & 1; Cases 6 & 3 ]  In Case 2, the light is bent somewhat, so there must be some warping of spacetime, like in Case 4.  In Case 1, the light from Star S is not bent, so the region of spacetime is flat – this matches the picture in Case 5.  Finally, in Case 3 the light is bent a great amount, so the spacetime must be very warped, which matches Case 6.

5) [ Lensing object for Case 6 ]  The region of spacetime warped by the lensing object in Case 6 will take longer to cross through our field of view. Since both lensing objects are moving at the same speed, but the region of warped spacetime for Case 6 is larger, it will take longer for the region of spacetime for Case 6 to move across our field of view.

Struggling students may have missed that the lensing objects are traveling at the same speed.  First, ask students to read the introduction to Question 5. Students continuing to struggle may not be connecting that the lensing objects are moving at the same speed with the lensing object in Case 6 warping a larger region of spacetime, as well as how this would affect the travel time of the warped regions of spacetime. Ask students “Are the lensing objects traveling at the same speed or different speeds?”, then “Are the lensing objects warping the same sized region of spacetime or different?”, and finally “Which lensing object is bigger?”  At this point, you can have students connect the pieces by asking, “If both lensing objects are moving at the same speed, and the higher mass lensing objects warps a larger region of spacetime, which region will take longer to move through the field of view?”

6) [ Graph A & Case 4; Graph B & Case 6 ]  The region of spacetime warped by the lensing object in Case 6 will take longer to cross through our field of view than the region of spacetime warped by the lensing object in Case 4. This will cause the brightness peak for Case 6 to be wider (longer duration) than the brightness peak for Case 4. The brightness peak in Graph B is wider than the brightness peak in Graph A. This means that Graph B matches with Case 6, and Graph A matches with Case 4.

7) The lensing object in Case 4 warps spacetime ________ (more/less/equally) compared to the lensing object in Case 6 because the mass of the lensing object in Case 4 is _______ (greater/less/the same). So, the lensing object in Case 4 bends the light from the distant star _______ (more/less/the same) compared to the lensing object in Case 6. This means it takes a ________ (longer/shorter/equal) amount of time for the warped region of spacetime for Case 4 to move between Earth and the distant star. This will make the light curve for Case 4 _________ (wider/narrower/the same) compared to the light curve for Case 6. Therefore, Case 4 corresponds to_______ (Graph A/Graph B) because the brightness peak is_______ (wider/narrower/the same) compared to the brightness peak in_______ (Graph A/Graph B).

The purpose of Question 7 is to help students review and check their answers and reasoning for Questions 1-6.  If they ask for help with Question 7, it can be very beneficial to have them refer to their answers to the previous questions so they can evaluate their own understanding and assess whether they have constructed a coherent and robust mental model for gravitational microlensing.









Figure 1 (Microlensing with Exoplanet)

This figure shows a star (Star Z) orbited by an exoplanet (Planet P) at five consecutive times.  The exoplanet system moves from left to right between Earth and a distant star.

8) [ Star Z ]  Star Z causes a greater warping of spacetime around itself than Planet P does, because stars are more massive than planets.

9) [ Planet P ]  

10) [ Graph D ]  In Figure 1, Planet P comes between Earth and the distant star earlier in time than Star Z, so the bump on the graph caused by Planet P should also occur at an earlier time than the peak caused by Star Z.  Since time increases from left to right on the horizontal (time) axis, the bump on the graph from the exoplanet should be to the left (earlier in time) compared to the peak caused by the star.  This matches what Graph D shows.

11) [ Student 2 ]  Student 2 is correct.  Student 1 is confusing the location of the exoplanet with the position of the bump on the graph.  Student 2 correctly understands that the position of the exoplanet determines whether the brightness bump caused by the exoplanet occurs at an earlier or later time than the brightness peak caused by the star.


Students may have trouble with Questions 10 and/or 11, which address a very common reasoning difficulty.  Students will often assume that if an exoplanet is to one side of its parent star, features of a graph indicating the exoplanet’s presence must be on that side of the graph.  In this case, since Planet P is located to the right of Star Z, these students will state that the change in brightness caused by Planet P should occur on the right side of the graph, even though the horizontal axis of the graph is time.  They may struggle to reconcile Student 2’s correct reasoning with their wrong answer.  To help them overcome this difficulty, you can ask what the horizontal axis of the graph is (time) and then ask if the left side of the graph indicates earlier or later times.  Then, asking whether Planet P crosses between Earth and the distant star earlier or later in time than Star Z should help the students to engage in the correct reasoning for these questions.














12) a) [ Graph F ]  Since the exoplanet has a low mass, the brightness bump caused by the exoplanet should be relatively narrow (short duration).  Since the exoplanet is located to the right of the star and the system is moving from left to right, the brightness bump caused by the exoplanet should occur earlier in time than the brightness peak caused by the star.  Both Graphs G and F have a brightness bump caused by an exoplanet happening earlier in time than the brightness peak caused by the star.  Since Graph F has a narrower brightness bump caused by the exoplanet than Graph G, Graph F is the correct graph.

b) [ Graph H ]  Since the exoplanet has a high mass, the brightness bump caused by the exoplanet should be relatively wide (long duration).  Since the exoplanet is located to the left of the star and the system is moving from left to right, the brightness bump caused by the exoplanet should occur after the brightness peak caused by the star.  Both Graphs E and H have a brightness bump caused by an exoplanet happening later in time than the brightness peak caused by the star.  Since Graph H has a wider brightness bump caused by the exoplanet than Graph E, Graph H is the correct graph.  

13) [ Graph J ]  The star and exoplanet are moving together at the same speed.  So, if the exoplanet is further from its star as seen from Earth, then a greater amount of time will pass between the brightness bump caused by the exoplanet and the brightness peak caused by its star.  Graph J shows a greater amount of time between the bump and the peak.

14) [ (Graph K Below) ]


							




					
[ (Graph L Below) ]




							




This question requires students to simultaneously incorporate four distinct physical variables (size, distance, direction of motion, and position) into their answers.  While they have worked with each variable individually already, some students may struggle when confronted with addressing all four at once.  To help these students, ask them about each of the four variables individually and then ask them to construct an answer based on their understanding of the individual variables.

	ADDITIONAL QUESTIONS



1) Which of the four brightness vs. time graphs below best represents the microlensing caused by a high-mass planet orbiting a low-mass star?























2) Which of the following lists correctly ranks the bodies by the amount of spacetime curvature they cause, from least to greatest? 

a. Small planet, large planet, small star, large star
b. Small planet, small star, large planet, large star
c. Large star, small star, large planet, small planet
d. Large star, large planet, small star, small planet

	


3) How many of the below graphs are reasonable representations of the microlensing that is caused by the star-exoplanet system shown here?Earth












a. None 		b. Only one		c. Two 	d. Three	e. All four



4) Which of the following graphs correctly represents the observed brightness vs. time of the background star, as a result of the microlensing caused by the extrasolar planet system shown here?Earth
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Brightness	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	5.0719365223365687	5.0805545300958901	5.090461615677734	5.1018905602887683	5.1151243174605883	5.1305091139715753	5.1484718903792226	5.1695440147437974	5.1943943825720558	5.223877135781696	5.2591032111365683	5.3015527270392777	5.3532611972246373	5.4171467754026104	5.4976222019029199	5.6018128973015591	5.7421289087702796	5.9419694719250966	6.2486966268157023	6.7618297160135787	7.6754297341993425	9.1768539549832475	10.497771969297256	10.187648489701852	9.471447094895634	9.2918583081424035	9.5688496560634135	10.106243716249613	10.723129856716904	11.21701243653729	11.386764347897659	11.137953422388954	10.548785731027651	9.7945162783997777	9.0284938927109604	8.3353153199827581	7.7443589858371178	7.2555160862092034	6.8568747324692056	6.5336354378174191	6.2718309533086716	6.0596373144558031	5.8884533247964415	5.773347950314073	8.0134915199014038	5.5609029565191443	5.4565806368540013	5.3892564363097062	5.3341676212231546	5.2881612337473065	5.249483126993467	5.2168146495078576	5.1891082689625021	5.1655188310678897	5.1453594923283985	5.1280692483143611	5.1131879141507177	5.1003365112375469	5.0892017572088202	5.0795237301267866	5.0710860124796122	Time (days)


Brightness



C

Brightness	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	5.0710171233207957	5.0794463196368733	5.0891144629659557	5.1002376910696832	5.1130755687797347	5.1279409116878885	5.1452120671479351	5.1653483222117034	5.1889093041758994	5.2165794960881193	5.249199325965785	5.2878047292729242	5.333677660385769	5.3884107777716359	5.4539904918022426	5.532903789079926	5.6282757939766368	5.7440470916720221	5.8852034933038349	6.0580826686005178	6.2708444852459175	6.5346448850855214	6.8708358624709485	7.4262807530301496	10.38092159126084	8.5271073726335889	9.0369117386838251	9.7778788936003398	10.516547893894382	11.085686553422111	11.304759863334315	11.089615262377588	10.523965567499507	9.7868376583813195	9.0347017067732729	8.3549919565413013	7.7801403382481347	7.3142799386276369	6.9528250817939918	6.6953845806260306	6.5582927108108473	6.5940817555999622	6.9137421894165101	7.5888671654930118	8.011972620458149	7.3101112022427461	6.4075669634128749	5.8658643948840625	5.5795531517488781	5.4214005378596815	5.3259966760009663	5.2630829007080902	5.2183901289739296	5.18479596396757	5.1584892733118552	5.1372785486361252	5.1198139263824984	5.1052108223527162	5.092857873132731	5.0823135307746954	5.0732473857219729	Time (days)


Brightness



D

Brightness	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	5.0732589031855717	5.0823302805503481	5.0928828022501316	5.1052489079324079	5.1198738668972856	5.1373761449988642	5.1586545125276482	5.185088663392647	5.2189366012850709	5.2641678267429644	5.3283111944443453	5.4267695834807554	5.5932595355754655	5.9046592266855127	6.5273270643436376	7.6644161977916179	8.6219011445490867	7.9566821469556945	7.0429616265200004	6.6376908272040911	6.574400602302032	6.7020112969056207	6.9558408027648033	7.3157792730023941	7.780942491998287	8.3554442523851655	9.0349602401619844	9.7869724831547487	10.524000802028278	11.089540406826524	11.304519763563565	11.085130286340044	10.515232760297478	9.774165327571831	9.0218588817397887	8.4103118957707572	10.380928105770909	7.3245605132177873	6.8593855670082231	6.5321543351506826	6.2700472777472891	6.0577596006542942	5.8850503280548088	5.7439659161085039	5.6282290448553249	5.5328750793902248	5.4539719354474876	5.3883982740304663	5.3336689389368841	5.2877984663456727	5.2491947153613969	5.2165760282656972	5.1889066466256883	5.1653462518194182	5.1452104304935711	5.1279396009629989	5.1130745067480996	5.1002368214292195	5.0891137440271343	5.0794457200888194	5.0710166193414175	Time (days)


Brightness



B

Brightness	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	5.0171590509856046	5.0194124972975631	5.0220402391973238	5.025117699044249	5.0287382052382776	5.0330178919789406	5.0381021177510634	5.0441739281764564	5.0514652895454573	5.0602721036301217	5.0709744199551468	5.0840638444469013	5.1001809867803383	5.1201670184200738	5.1451352197707747	5.1765710692493094	5.2164734198497049	5.2675553313192447	5.3335323680652218	5.4195410090235345	5.532757708830542	5.6833765949359485	5.8868221194557728	6.1875379048781838	8.7611892037982972	7.074867726073645	7.7389676698324088	8.6564390004124263	9.7690849321663347	10.827627287768626	11.29595644220254	10.827543618512728	9.768852836873533	8.6557650210202777	7.7360230325371511	7.0406574674006404	6.5302069591371241	6.1576169413120736	5.8845793373667963	5.6829291151130237	5.5326179055597926	5.4194846876579117	5.3335056573601261	5.2675411437131094	5.2164652307560058	5.1765660326278153	5.1451319631100398	5.1201648258258761	5.1001794605744779	5.084062752003029	5.0709736191934951	5.0602715045397977	5.0514648332834113	5.0441735752127563	5.0381018408889444	5.0330176721085946	5.0287380286782595	5.0251175558338002	5.022040121974138	5.0194124005449874	5.0171589705181905	Time (days)


Brightness



A

Brightness	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	5.0172207360916987	5.0194855666486999	5.022127441926739	5.0252226199120607	5.0288655761229117	5.0331740431724707	5.0382956436064745	5.0444166884207284	5.0517739486044499	5.0606705547842745	5.0714977069959186	5.0847647001983018	5.1011411122439743	5.1215173070565472	5.1470936623702288	5.1795175163244158	5.2211060496083466	5.2752416459492695	5.3471634871793308	5.4458197648960986	5.5890385468620041	5.8206120007697519	6.2723489678106095	7.3235619677286357	8.7611892037982972	8.3738044116925359	8.2457911740469871	8.8654643745809576	9.8684589361834139	10.88012925679158	11.324825963777657	10.843342960273295	9.7775283298201057	8.6606917868635005	7.7389676698324088	7.0425142270995593	6.5314362915864104	6.1584657900638362	5.8851865824153071	5.6833765949359485	5.5329559644275896	5.4197455104299523	5.3337105303898023	5.2677045710750248	5.2165973565028603	5.1766741156286438	5.1452213032047043	5.1202393618640558	5.1002421664022037	5.0841159046561586	5.0710189842757947	5.0603104667333119	5.0514984897689903	5.0442028035553577	5.0381273490470546	5.0330400357376961	5.0287577192763182	5.025134962201113	5.0220555667347	5.0194261529801398	5.0171712566187958	Time (days)


Brightness
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